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DESIGJYANDAPPLICATIONSOFHCH’-WIX3lmmmMETERs

FORE?I!EWY+TATE~s ATTRANSOmc

ANDSUPERSONIC!KETEEDS

ByHermanH.Lowe~

An investigationwasmadeofthedesignrequirementsandheat-
transfercharacteristicsofexposed-wireinstrumentstobeusedfor
steady-statemeasurmmsntsattransonicandsu~ersonicspseds.Design
criteriom,oonstruction~details,andty-pioalresponsebehaviorare
presented.

Severalty_pesofinstrumentwereevolvedthat,inadditionto
exhibitingtherequiredhighstability,areoapahleofproviding
stea@-ste$emass-flow,flow-angle,andtemperatureinformationof
engineeringacouraoyattotaltemperaturesatleastashighas
275°C,Machnumbersatleastasgreatas2.4,andairtotaldensi-
tiesatleastasgreatastwioeatmospheric.Heat-transferdatafor
a oircularcylinderoveratleasttheMaohnumberrangefromO to
2.4maylecOrrdatedbyadditiontotheconventionalrelationamong
Iiusselt,Pzmdtl,andReynoldsnumbersofa faotorthatisa funotion
ofMachnumberonly.Finally,itisshownthatthecombinationof
= air-temmmkredatum(obtaf.=dtitha ~) ja tie heat-1OSS
datum,and-a pressure
bymorethanabout20
a steady-stateflow.

dati.mlimitedtopressurf%notexceedingstatio
peroentofthevelocityheaduniquelyspeoifies

INTRODUCTIOIi.-

Inconnectionwiththeinvestigationofthebehaviaofexist-
ingcompressorsandturbines(turbanachines)orofproposedimprOwd
components,itisoftennecessarytoobtaina detailedpiotnreof
theairflowoomrringthroughoutinterbladeohannels,%etween
statorandrotoroascades,withinMade ors~oudboundarylayers~
immediatelybehindtrailingedgesoftheM_ades,ortithinengine
ducts.

. . .. —.. —. . ....—- ..— —-— ---- .-. ..—.-. —..——.—-— —. —— —



2 NACATN2117

Dema&lsuponflowinstrumentationaresevere;evenwhena device
ofthepressure-tubeorthermocoupletypeprovidesaccuratedata
concerningonemiable,itisincapableofprovidingallthe
requiresinformationconcerninglocalflowcharacteristics.

Inprinciple,thefinewireusedasa resistancethermometer
emcmeterissuperiorinseveralrespectstoeitherorhot-wirean

thepressuretu%eorthethemmcouple.A wireorwirearraymay
haveverysmalldimensionsandtheresponsetimeismeasured,at
most,inmilliseconds;moreover,wiresareequallyuseful(atlow
airspeeds)fortemperature,angle,andmass-flowdeterminations.
Itappeaed~ohablethatwiredata(atb3ghairspeeds),ifsupple-
mented%ypressureinfornmtion(whichcould,whennecessaqL@ when
spaceImitationsaianotprohibit,hePrOviaeabyaninte~ pres-
suretube),oonld%emadetoyielaMachnumiberinformationaswelJ
asotherinformationdespitetheunavailabilityofanyadditional
titsconcerninga compressible-flowsituation.

Yreviouseffortsinthefield(priortoabout1940)were”
-Q confinedtothespeedregionlelow104centimetersper
second.Somesuccesswasachievedwiththeideaofusingwiresto
measure%othflowratesandangles(references1 and2). More
recently,investigateore,havingtransferredtheireffortsfrm
plat- totungstenwires,have‘obtitida few=ss-fl~@*a at
transodcspeeds(reference3)anda veryfewinthesupersonic
region;thesupersonicdatawereobtainedbyDr.GalenB.Schubauer
oftheNationalBweauofStandards(unpublishedresults).Noneof
thedata,however,haveexhibitedtherequiredsusceptibilityto
correlation.Noinvestigationseemstohavebeenmadeofthepos-
sibilityofusingexposedwiresasresistancethermometersathigh
Machnuuibers,norhasinformationbeenpublishedconcerningtheuse
ofwiresattemperaturessubstantiallyaboveroomvalues.

Theprobleminthecaseofthegasturbineistodesignan
-rumnt ofhighstabili~.Itisnecessm?ythatthewirehave
highstrengbh,befYeeofanytendenqytowariiinternalstructural
alteration,beinerttoanofidizingatmosphere,andbeelectrically
stable.Theentiredeviceisrequiredtoexhibitfreedomfrcm
aerodynamicallyinducedvibrations.

Aninvestigationhastherefore%eenmadeatthellACALewis
laboratoryofthedesignrequirementsandheat-transfercharacter-
isticsofwireinstrumentstobeusedattxzmsonicandsuprsonic
speeds.Thisinquirywaslimitedtothedevelopmentofdevices
thatwouldbeusefulundersubstantiallysteady-flowconditions
andatmoderate(below275°C)anibienttotaltempemtures.The

“.

—.. –.. — —.-. — —.—- .—— ————— ———---- --–- .—-— —
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heat-transfercorrelationsareneverthelessapplicabletounste@-
stateconditions,andthebasiodesignsanddesi~proceduresevol~ed
areapplicabletoanemmnetqathightempem~s andatmass-flow
rateshigherthanthoseatwhichdatawereoltained.

Thereportconsistsoftwomaingroupsofsubjects.Theffist
groupcomprisesmattersofa generalnature;itisintendedchiefly
forpossibleusersofhot-wireinstrumen-tswhohavehadnoexper-
iencewithsuchdevioes.Dimensionlessheat-transferrepresentation
(asapplyingtoanemometry),wire(resistance)ihermome~,and~os-
siblearrayconfigurateionsandusesaredisoussed.Inaddition,a
section on instrument~esignpro%lemsbasedprincipallyuponwork
Perfo-dattheNAOALewislaboratoryispresented.I’hlssection,
aswellasthesectionsofthesecondgroup,oontainsmaterialnot
previouslypublishes●

Thesubjectsofthesecondgroupare,forthemost@,
restrictedtos~cificworkpsrformedatthislaboratoq.!rhey
includerealizedinstrumentdesignsandconstruction,descriptions
ofayparatus~~a andofinvestigationprocedures,almiefais-
oussionoftheoaloulationsmadeandcorrections~Oyea inthe
evaluationofdata,anda aiS0~t3i~oftheexperimentalresults
Obtainea●

Theheat-transferc~oteristicsofseveralinst~nts are
givenatmass-flowratesuptoabout24@arespersquarecenttiter
persecond(1.5slugs/(sqft)(see)),atitotaltemperaturesofapprox-
imately36°C,wiretemperaturesUTtoabout300°C,andMachtiers
uptoabout2.4atairtotaldensitiesatleastasgreatastwioe
atmospheric.Theflowlimitsantitneairtem~ratnrewereestab-
lishedbytheoharaoteristicsofthetesttunnelratherthan%ythe
behavicmoftheinstruments.

Applicationofthegeneralizedheat-losscorrelationoltained
toflowsituationssuchthattheMachnunherUstributionisunlmown
iSaisc~sea.Inpxrtioular,itisshownthatthecombinationofa
pressuredatum(withincertatnMnits)andwiredatauniquelyspec-
ifiesthe(steady-state)localflowcharacteristics.

BASICCONSlllEREl?IONS

BasicInstrument

Theknownheat-tr&sferrelations
disoussedinthefollowingsections.

relevanttoanemametryare

_. .._ .— . ----- —-_ _. ___ ._. _ ___ . _ .._______ —— . .— ..-— —.. . .. .
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Natureofdevice.
offluidlosesheatat

.

- A heatedobjeotplacedina
a rated.e~nrlentuponseverel

NACATN2117

movingstream
miables!

identity,pressure,andtemperatureofthefluid;nature,orienta-. tioii,andtemperatureoftheobject;endmass-flowrateofthe
fluid.Itisokaythatbyproperlyf~ allothervariables
atpredeterminedorascertainablevalues,themass-flowratewi3J
becomethesolefactordeterminingtheheat-lossrate.

Aocomlin@_y,theinvestigatorwhodeterminestherateofheat
lossfromtheexperimentalobjectunderproperlychosenconditions
needmerelyrefertothepredeterminedrelationbetweenheat-loss
rateandmss-flowratetodeterminethemass-flowrate.Undersuch
circumstancestheobjeptbecomesananemometer.

Theconventionalanwmmetermeasures‘windspeed{andoften
directionaswell)ratherthanmass-flowrate.Bystipleextension,
however,thedesignation“anemometer”mayberetainedforhigh-speed
measurementsbemuseundercaurpressible-flowconditionsthepraluct
ofdensityandspeedgenem3Uytakestheplaoeofspeed.

Electricallyheatedfinewireshavebeenusedasheat-loss
(hence,hot-) anemometersformanypars. Thelistofrefer-
encesgivenhereinincludesonlya fmctionofthemorethan100
reportsnowavailableonhut-wireanemometry.

Oneofthe4mportan~variablesinoonneotionwithheat-loss
anemometryis,as~eviouslystated,thetemperatureoftheobject.
Thevariationofwireresistancewithtemperatureprovidessuch
information.Althoughin~ecisionresistancethemometmccmplex
relationsbetweenresistanceandtempe=turemustbeemployed,itis
usuallyfoundthat,foram+mometricpurposes,thesim@elaw

(1)

i8 adeqmte.

(All symbolsusedinthisreportaredefinedinappendixA.)

mQNl-l

.’!
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Nondimensionalcorrelationofheatlossesfrcmwires.-The
olasslcInvestigation’ofheatlosses~cmwireswasmadebyKing
(reference4)in1913-14.HeevolvedthefoU-
icalrelation:

wh~- theokt-.

0.2389izr= (~ + ~cP,epVD)(ew~e”) (2)

#
Twoimportantconceptionsareembcdiedinequation(2).The

heat-lossmte isdepemientuponthesquarerootofmass-flowrate
and.uponthesim@edifferenceoftemperaturebetweenwireandati
(Newton’slawofcoolingasap~iedtothissituation).Inthis
caae,ee equalsthestaticambienttemperaturebeoauseKingassumed
theexistenoeofIncompressibleflow.

WhenlHngattem&edtooonfirmhistheoreticalresultexper-
imentally,hewasabletoconfirmthebasiostructureoftherela-
tionbutfounditnecessarytointroducea numberofcorrection
faot~ prinoipillydependentuponwiretemperature.

King’slaw(equation(2))whenwrittenintheform .

i2r= (Cl+ C2@) (ew~e) (3j

isneverthelessadequateoverlimitedrangesoftemperatureandpres-
sureyrovidedCl and C2 areexperimentallydetermined.Many
usersofhot-vimanemometershavethereforeemployedequation(,3)
asthebasicrelationofsuchinstrumentation.

Theinherentlaokofgeneralityoftherelationand,inpartic-
ular,itslaokofprecisionwhentheconstantsCl and C2 are
evaluatedunderonesetofconditions(airpm3ure andtemperature
andwiretempmvture)andthewireisusedunderanothersethave
ledtoattemptstowritea relationthatwouldbevalidunderwidely
-U! ctim=ces.

Nusselt(modemCliscussioninJakob,reference5)haspreviously
shown(1909-15)thatthemostgene- correlationofheat-transfer
dataforflowofanincompressiblefluidis

Nu=U(Gr,RrjRe,temperaturefunction) (4)

--——-—- .. —.—. ._. _ ___+ _., . ___ ___ ,. .. . .. . ....-- .—-. —.-. —



6 NACATN2117

.
inwhichU representssoresfunction(ofthevariablestithin
Wrent@ses)andthetempe=turefunctionistheratioofthe
absolutetemperatureoftheobject(surface)tothatoftheunilis-
turbedstrean.

Inequation(4),theseveraldimensionlessgrou~s,withthe
exceptionofthetemperaturefunction,areunderstoodtobeeval-
uatedatthefree-streamstatiotemperature,pressure,andspeed.
Thepresenceofthetemperatifunctiontheoreticallyensures
correlationdespitethevariationofgasproperties(w,cp,and
k)withtemperatm.

In1934,Dryden(reference6)indicated(withoutprovidi
??

the
derivation”oftheresult)thatanadditionalparameterkAe/@ is
demanded,ingeneral,bydtiensionslconsiderationsintheeaseof
compressibleflow(Ae isthedifferenceoftemperaturebetween
streamandobject).A resultequivalenttohisisobtainedin
referen:e7,whereitisshownthatthegroupV2/c# isofsignif-
icance;T istheabsoluteairtemperatureinthisinstanoe.In
everygeneralizedheat-transfercorrelation,a functionofI?randtl
numbernecessarilyappears.BecauseDryden’sparameterismerely
thereciprocaloftheprcxiuct

(*) (%)
inwhichthesecondfactoristhePrandtlnruiber,itis-evident$hat
theDrydenp?ameterand #/cfl provideessentf~Ythes= f~or-
mationifthetemperaturefunctionisunderstoodtobepresentwhen
required.

l?romthefactthat

it followsthat

. —— —-

.

.

(5)

—.
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Whenthevirtuallyconstant
thatthestreamMachnuniber
ina2JygivenbyI?usselt.

Ingeneral,therefore,

F1 factor
mustbeadded

is
to

ignored,itis
theparameters

7

patent
orig-

theNusseltnum%erisanunspecified
functionofGmashof,Prandtl,Reynolds,andMachtiers‘andof
thetem~raturefunction.Ithasbeentacitlyassumedthatgeomet-
rioallysimiltibcdiesshilarlyorientedwithrespecttothestream
arebeingconsidered.Additionaltermsorfactorsarerequiredwhen
thosetwocoalitionsarenotfulfilled;thegointissubsequently
discussedinconnectionwithobliqueflowincidencetithrespectto
a oylitier,

Therelativesimplicityofthecircularcylinderwitha reason-
ablylargelength-to~ameterratioandnormallyexposedtoa stream
hasleda nmiberofinvestigatorstoobtainheat-transferdata
Involvingsuchobjectsandtoattempttocorrelatetheirowndata
andthoseofothersbyusingtwoormoreofthedimensionlessgroups
alreadymentioned.

Thespecificresultsofsuohworkarediscussedinthesection
Correlationequations.Itissufficientheretomentionthefollow-
ingpoints:

(1)Asindicatedinconnectionwithfairlycomprehensivedis-
cussionsbyMc&iams(reference8)audJakob(reference5)ofthe
mechanismandthepeculiarities,ofheattransferfromsuchcylinders,
suchstudieshavenotcompletelyclarifiedthesignificanceofthe
lfusseltnuniberitself.Themostfruitfulconceyt,particularlyat
Reynoldsnumbersbelowabout1000,isthatoftheenvelopingbourn
layer,themeanthicknessofwhichdecreaseswithincreasingmass-
flowrate.TheNusseltnuniberisthereforea measureofthediminn-
tianofrelativethicknessandhenceofthethermalresistanceof
themeanlayer.

(2)Littleinformationhasbeenpublishedconcerningthe
influenceofMachnumberontheNusseltmmhr.

(3) Nopurelyforced-convectiveprocesscanexist;freecon-
vectionmustalwaysaccoq forcedconvection.Accordingly,the
G-shofnumber,whichisa measureoftheintensityofthefree
convection,must,intheory,affectevenhigh-speedheat-tmnsfer
Gorrelati-.Beyondsomeminkl mass-flowrate,however,the
influenceofGrashofnumberchangeshecmesnegligibleandcorrela-
tionscanbedevisedinwhichtheGrashofnumberisreplacedbya

— ..—— ._. —-... ___ —-——.. .. .—.. ..— ..—— ..-— _.. .._ _. ________ . ..... . . ___



8 NACATN2117

suitableoonstmt.In.gene?xd-,itisimpossibletopredictthe
minimalmass-flowxateabovewhichsucha procedureispermissible.
J&ob (refe~noe5,pp.492-493)presentsa discussiondemonstrating
thatthesquarerootoftheGrashofnuniberoanbeconsidereda
specislcaseoftheReynoldsnuuiber;theobservationcouldheused
toformdatea ruleprovidingtheorderofmagnitudeofthe~minimal
mass-flowrateina givencase.Inthepresentwork,Grashofnum-
berohangesareofnegligibleimportanceandarethereforeignored.

(4)A singlepsmameter,thediameter,issufficienttochar-
acterizethegeometriopropertiesofa long,smooth,roundcylinder
nomsJ.lyexposedtoa stresn.Undersuohconditions,thel?usselt
numberhas_beengivenbysomecorrelationofthefollmnlngkind:

(6)

Oneinvestigator(referenoe5,pp.559-561)intrcxhmed,inaddition,
a temperaturefunctiunbywhiohtherightexpressionismultiplied.

(5)Thetemperatureatwhichtheseveralgaspropertiesare
evaluatedisarbitraryunlessexperimentclearlyrestrictsthechoice.
Theusualpracticeistoevaluatev, k, and Pr atsomemean
fti temperature.Thefilmtempera- adoptedhen?inisthearith-
mtiomeanofthewiretemperature.andthetemperaturethatthewire
wouldattainifunheated.Sucha choiceisentirelyarbitraryunless
itisshownthatthe‘lest”correlationsresultframitsemployment.

Exposureatobliqueincidence.-Intheforegoingdiscussion,
theassumptionwasmadethatthewireisnormallyorientedtothe
flowvector.llanyapplicationsrequireorientationatobliqueinci-
dence.Thequestionthereforearisesaatotheeffectofsuchoblique
incidenceontheNusseltnumber.

lhuuerousinvestigators(references1,3,4,and9 to13,in
@icular) haveattemptedtoarriveata generalized,quantitative
descriptionoft@ veriationofheat-transferratewithanglesub-
tendedbywireandstream.SuchstudieshavebeenmadeatMach
nunibersbelowabout0.4;theresultsthereforeapplyonlyinthe
caseofessentiallykcomp~ssiblefluw. !

Agree~ntexists‘~ongtheinvestigatorsforwire-flowvector
anglesbetween90°andabout25°.Withinthatrange,theNusselt

.

— ——

“.

“1!



NACATN2117 9

numbersobse~edarevirtuallythesameasthosethatwould.he
observedweretheactuslflowvectorsreplaced%ytheocmponents
nomaltothewire.Atanglessmallerthanabout25°,theheat
lossisgreaterthanthat~eaictedbythisrule;thediscrapa~y
andthedisagreementamongobsemersincreasesastheangledecreases.
Finally,attheconditionofparallelismofwireandflow,theNus-
seltnumberisinthevicinityof50to60Tekcexrtofthenormal-
incidencevalue.

Whenwim behavioronlyatwire-flowvectoranglesgreater
tk 25°iSconsidered,itiSe~aentthat~ allsuchrelatio~
asequations(2),(3),(4),and(6)theairspeedV should%e
re@acedby V’= V cosg, inwhichT istheanglebetweenthe
flowvectorandthenormsltothewireinthewire-vectorplane.
ThequantityV coscp is,ofcourse,theeffectiveairspeed.The
validityofthissubstitutionatMachnunibers~ater than0.4is
assumedinaH discussionshereinexceptwhereotherwisestated;the
soundnessofthisassumptionisunknown.

Behaviorofexposedunheatedwire.-Thetemperatureassuredby
anunheatedciroularcylinderofhighthermalconductivityexposed
toa fluidflowisslw&ysgreatert% thestatictempera~-but
lessthanthetotal.Theactualtemperatureattainedunderthe
statedconditionsisusuallydesignatedthe”effectivetemperature
andissodesignatedherein.

Investigations(references14andI-5)~ve beenmadeofthe
variationoftheratioofeffectivetemperaturetototalorstatic
temperaturewithMachandRemoldsnumbers.Theratiohasbeenfound
tobeprincipallya functionofMaohnuniber;Reynoldsnuniberchanges

, haveanahostnegligibleeffect.IRzmericalvaluesaredisoussedin
thesectionTemperatureRecoveryRatio.

Itissufficienttonotethat,ifMachnumberisknownor
calculable,staticandtotsltemperaturesmy beoltained%yusing
thewireasa resistancethermometerinviewofthepossibilityof
expertientalestablishmentoftherelationbetweenst~ticand
indioated(thatis,effective)tempemturefora giveninstrument.

Variationof’theeffectivetemperaturewithQ ocours(refer-
enoe14),butsuohvariationisnot-treatedindetailinthe
report.AnadditionaldiscussionofthematterisTresented
seotionTemperatureReoovergRatio.

present
inthe
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Radiationlosses.-Nomentionhasbeenmadeofradiation
effects.Ingeneral,heat-transferratesassociatedwiththeexpo-
sureofheatedfinewirestoairstreamshavingspeedsgreaterthan
about1500centimeterspsrsecondarefarhigherthananypossibly
resultingfromradiativetransfer.Atveryhightemperaturelevels
(eW>800°C), smallradiationcorrectionsaresometimesrequired.;,,
suohoorrectionsareas-d negligibleherein.

PossibleArrayConfigurationsandUses

Theterm‘array”asusedhereinmeansonewireora
twoormorewiresarrangedina definitespatialpattern
heldbya suitableseriesofsuppotis.

8
Thefollowingdiscussi~ofarrayt~s andusesis

groupof
andrigidly

limitedto
steady-statemeasursments.A fatilycomprehensivediscussionofthe
samesu%jectinthecaseofturbulencemeasurementsisgivenin
reference16.

Usesandp oceduresidenticalforallarrays. -Thethreeprin-
oipalusesofarraysarethedeterminationoftemperatureandthe
measurementcfmass-flowrateandofflowdirection.Measurements
oftemperatureandofmass-flowzatearemadeacconiingtoessen-
tiallyfixedTrocedumesregardlessofthearrayt=.

Inallcases,theqwmtitiesR. - ~ o-ctefistioof
eacharraywireordesiredcczibinationarep?edeterm.ined.The
variableTa/keisthendeterminedasa functionof M byaero-
mo cdibmtion.Theorientationofthestreamwithres~ctto .
thearrayshould%ethatwhichistobeconsideredinaXlsubse@ent
useofthearraytheprincipalormeanorientation(generaJJ-y,normal
toa singlewireorcoincidentwithanaxisofs-try ofa multiple-
%dr earray).

A stream-temprsbumdeterminationrequiresa lumwledgeof M.
Thetemperatureofoneormoreunlptedwires~ofthearrayisdeter-
mi~a. Thestreamstaticandtotaltemperaturesarethencalculated
usingtheappro~ia~eexpxbnental-valueof Ta/Te. Thearrayori-en-
tationmat beabomkthesameasthatwhiohexistedduringthecal-
ibration.

Thefollowingconsiderationofmass-flow-ra’%emeasurementassumes
theuseofanidealized~ consistingofinelasticwiresofzero
thermloonductitityexposedtotheflowofanincompressiblefluid.

,A

.

—— ..- ——
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TheneuessaryIlld.ifications oftheourmmtstm@.ifiedtreahentare
presentedin-severalsubsequentseotionsofttireyort.

Therequiresinitialheat-lossoalibratim.ofthearrayis
~0qif3heabyexposureattheprinoipalorientationtoa succession
ofknownflowso~c!terlzed.bya Mae rangeofmass-flmrates.In
thisinvestigation,constant-temperatureoperationofthearrayis
~ as-a. A fa~toroft~ wer input(thatis,ourrent)is
varieaeithermanuallyorautomaticallysoasto
thedesirestemperature.

Theexperimentaldataareusedtodetermine
and C2 of-equation(6),whiohis
fOm:

mf 0.2389i2R—= = c1
~f0.3 llkfPrf0“S(ew-ee)%

. llofaotorCos”●5 Q hashere

restate’dhere

+ ~2Ref0.5=

bring-the _ to

the Uonstantsc1
ina moreexplicit

c1+ 02

(7)

beenassooiateawith Go“5.In
fact,ifcalibrationad subsequentdataareobtainedatthesame
relativeorientationofwireandflow,sucha fixedfactoroan
properlybeoonsiaereatobeimplicitin C2. Iftheorientation
ohanges,however,itisneoessarytoretaintheexplicitfaotm
uos~ withintheparentheses.Whenanarrayoftwoormorewires
isoonsiderd,theanglewillnolongerbe p, butratherwill.be
thean@ebetweentheflowvectorandtheprinoipaldirectionof
thearzay.

Thefaotor~ ise~ioitlyretainedinequation(7)inorder
toUlm?ifythefollowingyoint: The--tea valuesof 01 and C2
wKU beinverselyproportionaltothevalueof ~ usedinoonneotion
titha pmtioularwire.Theobservationis@st.astrue,however,of
thevalueof I?uf.Theuseofanerrone-% inthecaseofan
idealwirewiU thereforeleadtonoerrorinthevalueof G.

Thenextrequirementinthedeterminationofthemass-flowrate
ofanunknownfluwisthemeasurementofgastemp=tum. Beoause
Inoqssible flowhasbeenassumea,ee equalsthestatiotem~=-
ture.Asbefore,thepowerinputrequiredtobringthe~ toa

-.. -.-——. . ..— .- .._ ____ ___ _______ ———— .—____ _. _..._ ___ . . .... . . - _ .
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Wiretempemture
tion.
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temp~t~ ew isthendetemined.Ideally,the
neednotbethesameasthatuseda~hg calibra-

All&antitiesappearinginequation(7)arenowlmownwiththe
exceflionof G, whichistherefcmeeasilycalculable.(Thegas

eeeepropertiesaresupposedevaluatedat ‘f )
=—0

2

.

Discussionsofflow~irectionmeasurementaresubsequently
presentedinconnectionwithdiscussionsoftherespectivearray
ty-pe8. .

Single-wirearmy.-Thesingle-wiremountcmnsidm,ofmurse,
ofa singlewire,twowiresupports,anda suitable&mntingforthe
supports.Sucha devicehasthemeritsofextremesimplicity,ease
ofoonstmction,andPresentationofa minimaldragcrosssection
tothestream.Thew5reisusuallyeitherparallelorperpendicular
totheaxisofthemountingtube.Thearraysu~ortsareattached
tothattube.Ifthemount~ isconsideredverticalinthe
o%servertsreferenceframe,referenoetoa wirep.rdleltothe
axisasa verticalwireisconvenient;thewireperpendicularto
theaxisisrefereedtoasa “horizontalwire.” Simikrly,a hor-
izontal@ane isdefinedasonenomaltothemounkaxis,whereas
a verticalplaneisoneparalleltoit.

Theyowerinputrequiredtomaintaina fixedtemperaturevaries
approximatelyas Cosq, ashasbeenstated;consequently,thevaria-
tionofinputatsmallangles(nomslincidence)willbenearly
negligible.Forexample,a changeof q from0°to3.6°causes
onlya O.1-percentdecreaseinrequiredinput.Thesinglewireat
ornearnormslincidenceisthereforeveryinsensitivetofluw-
directionchanges,asisdesirableformass-flowdeterminations.
Inthecaseofa horizontalwire,ohangesofflowdirectionwithin
a verticalplanenormaltothewirewilJ-causenoheat-lossrate
ohange;thesameobservationappliestotheverticalwireanddirec-
tionchangesinthehorizontalplane.

A singleverticalwireisthereforeuselessasfarasMrec-
tiondeterminationsereconcerned.Itcan,ofoourse;beused-to
detezminetemperaturesandmass-floyratesinfreestreams,within
boundarykyersadjacenttosurfacesnearlyparalleltothewire,
andtithinwakesbehind%lades,thetrailingedgesofwhichare
roughlyparalleltothetireorlieina vertical@anecontaining
themountaxis.

.

——- ..— — .—. .—.— -———— —.. . . . .—
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A horizontalwiremay,however,herotatedaboutthetiountaxis.
Inconsequence,itmu beusedtodeteminetheverticelplanein
wmoh theflowveotorlies.Theapproximateflowangleisassumed
known.Thewireisrotateduntilitandthevertioalplaneinques-
tionsubtendh angleoffrm 40°to600.A ~a~~nt ofp~r
inputismadeaspreviouslydescribedandthemountthenrotated
until,ata Tointroughly,90°fromthefirstposition,thesame
in~tisre@red tobringthewiretothefixedo~ratingtempera-
ture.Thevertioal@laneoftheflowthenbiseotsthehorizontal
anglesubtendedbythetwg~ positions.

Thehorizontalwireoanbeusedtoadvantageina fceestream
ortithina boundarylayeradjaoenttoa surfaoeroughlyyerpendic-
ulartothemouqtaxis.Themethodofmeasuringflow-planeangle
describedinthepreoedingparagzqhcannotbeemfloyed,however,
unlessthesurfaceispeciselyperpmifoulartothemountaxis.

v-array.-A V-OODibinatiOn00nSiStSoftWOWireS(OfaSnear=
equal~nsions aspotioalle)generdllyinterseutin.gatanangle
ofbetween30°and90°.

Theplaneofthe_ isusuallyeitherhorizontal(fig.1)
orvertioal.The~ferred.constructionisthatwhichplaoesthe
oenterofgravityoftheaxrayonthemountaxis.Inmostcases,
thebiseotoroftheanglesubtendedbythewiresisnozmaltothe
axis.

Sucharrays,aswefiasa pxdal array,werefirstsuggested
andusedinreferenoe1. Windspeedanddirectionweremeasuredin
connectionwitha meteorologicalinvestigation.

A T+wraymaybeusedasa singlewirebyplaoingthetwowires
inseries;thepairoompriseonearmofa bridge.Soo-oteit,the
arrayiSwelladaptedtothemakingofmass-flcmmeasurements.Alter-
nately,thetwowirescompris~twoadjaoentarmsofa bridge,whioh
isthe~ferredmnneotioninthe“caseofyaw-angledeterminations
whena horizontalarrayisused.A verticalarrayis,usefulfor.
eithermass-flowrateoryaw-angledeterminativewhenoonneotedin
series.Thevertioalarrayisnotordinarilyconnectedotherwise;
thepointissubsequentlydisousseii,asem thevariousmethcdsof
useandthelimitationsofbotharraytypes.

Whenconnectedinseriesasformass-flowdeterminatim,V-array
behavior,asfarastheflowoomponentintheerray@Laneiscon-
oerned,isne=lythesameasthatofa singlewirerunningthrough

Q
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thecenterofgravityofthearrayparalleltothelmseoftheerray
triangle.Thesensitivitytoyaw(undesiredinmass-flowmeasure-
~ts )ofa horizontalarray(ortopitchof’a vertioal)oonneotea
inseriesmy beshowntoincreaseapproximatelyas cot25/2.The
sensitivityinquestionremainssmll,however,unless6/2< = 300.
A mass-flowdeterminationwiXLthereforenotbeinaqouratebeoause
ofrelativeinclinationoftheflowvectorandthearraybisector
iftheveotorliesinthearrayplaneuntilsuahinclinationis
greaterthanseveraldegrees. .

Theoonslderationofyossibleerrorcausedbythe~senoe of
anout-ofqil.anecmponentofflowisnecess~ina determination
ofmass-flowrate.A s~e anelysismaybebaseaontheobserva-
tionthatthearrayresponsetosucha mnpmentisthesamsas
thatofeaohwireactingindependently.Ifa horizontalarrayis
uonsiaemd,thepowerinputrequiredtomaintaina givenmeantem-
xti ofthewiresmnnectedinseriesmayaccord

Y
y beshown

tovaryapproximatelyas (sin2S2+ cos2~ sin25/2)1 Provide&
theyawangle~ issmeJ3..

Thepowerinputrequirmitomaintaina series-oonneoteilV-array
ata f-a temperaturevariesacoordingtoa correspondinglawwhen
thepitohangle~ ismKllandtheflowisinolineaatanangle -.
* totheem’ayplane.Inthisinstanoe,however,itispossible
toali~thearrayplanewiththeflowvectorby~utatingthemount
abouttheaxis.T&
able,asisshownby

ByX’@~C@ ~
o tion

coniiitionofalinementiseleotrioellydeteot- .
thefollowingConsideration:

by ~ inthepreoedinge~ssion, thefuno-

isdefha.

Itis”fullnathat

(9) ‘

(8)

. .

● ✌✌

-—.. _.-.
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Therelationisnotoormctwhenthe ocs~ lawisnotobeyed.

Theinputpowerreaohesa mininuzmat ~ . 0. Theminimumpoint,
andhencetheflowyawangle,canbeelectricallydetermined.An
alternativepmce~ istomaintaina fixedbridgecurrent;at
$ = O thevoltageaorossthearrayreachesa madmm. Ineither
ease,thesharpnessofthereversalpointincreasesa8 8 decreases.
Thesensitivityoftheverticalerraytopitoh-an@echangesalso
inoreaeesas 6 deoreases,however,ashasbeennoted.

Whentheflowvectorliesintheplaneofa V-army,itispos-
sibletodetermine~ (whensmall)approximatelybycamparingthe
inputpowersrequiredbythewireswhenaotingindependently.The
theoryisnotpresentedbeoausetheinformationavailableisinsuf-
ficientfor’applicationofthetechniqueattransonicorhigher
speeds(wherevalidityofthestipleoos~elawisquestionable).

Thehorizontalarmy isusedtomeasureyawangleinanalto-
getherdifferentman&r. Forsimplicityandolarity,itwillbem-
smnedthatthetwowireshavelikedi.mensionsandelectriccharac-
teristicsandthattheresistancesofthewiresupportsandthenec-
essaryconnectingleads=~enegligible.Ifeachwirebecomesoneof
twoadjacentarmsofa simplebridgeofwhiohtheremaininganusare
equalresistances,thebridgewi.13bebalancedwhen,andonlywhen,
thetwoarraywireshavetheseineresistance,thatis,=e atthe
sametemperature.Ifthebridgeissoconnectedthatthe-
currentflowsthroughboth-s (strictlyspeaking,atthebalance-
ootitiononly),thatcondition(equal-resistance)iseasilydeteoted
by‘anyofa numberofconventionalinstruments.

Becausethetwowires- nuwatthesametempsratumandhave
thesameinputpowers,theanglebetweeneaohwireandtheflow
vectormustbethesameforboth,thatis,therelativeflowyaw
angleiszero.Asa firstapproximation,itcanbeshuwnthatwhen-
thisocnditionisnotquitemetthebridgeoutputcurrentispropor-
tionaltothe~duot * cot5/2.Inthisinstance,theeffectiE
quitelinearanda reversalofsignofoutputoucursat ~ = O.
Accordin@y,themethcdisbasicallysuperiortothatpreviously
describedfora verticalarray.Ingeneral,sensitivityiseff-
icientlyhightopemittheuseofanyvertexanglelessthan
about120°andotherwiseacceptable.

TheresponseofanyV-arrayisaboutthesamewhetherthe
vertexliesattheupstreamora~tre~ endofthearmy. In
flowsituationsinwhicha lateralflowgradientexists,itoften

.
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becomesdesirabletooheckthemeasumdflowangle,provideda
Horizontalarrayisbeingused,hyrotatingthearraythrough

.

apprazhately180°andredeterminingtheyawangle.Ifthetwo
so-determinedapprentyawanglesdifferbymorethanabout1°,a
significantlateralgradientexistsandthetruedirectionisvery
closetothemeanof.theapparentdireotiom.Anx-arrayissupe-
riorinsuchsituations,butisusuallyprohibitivelylsrge;four
supportsarerequired.

A V-arraymaybeplacedwithin0.01inohofa surfaceclosely
paralleltothearray@anewithoutseriouslossofmeasurement
acoumcy;however,forbcundary-layerwork,a singlewireisgen-
eraJJypreferable.Thechiefreaaonforthispreferenceisthat
lesslossofaocuraoyresultsfrcmforwmxi-supportwakeeffect;a
secondconsideraticmisthatitiemoredifficulttomtittwowires
ina desiredplanethantomounta singlewireparalleltoa given
-.

A singlewirenomaltothemountaxiscanberotatedtoa
Tositioninwhiohitis‘paralleltoa givensurface.Ingeneral,
theflowveotorwillnothenormaltothewireinsucha case.
Thatprcmedure,ofcoux%e,oannotusuallybeenqiloyedintheease
ofaV-array.

.,

Finally,the.prinoipaldirectionofa V~ isthevertex-”
anglebisector.Ingeneml,temperatureandmass-flowratemeasure-
mentsaxemadewhentheanglebisectorandflowvectorhavebeen
madetoooincideasnearlyasispracticableinthegivensituation.

.“

.

l?arau.el-wb=array.-A verticalV-arraymaybeusedtomeasure
yawangle,ashasbeennoted,buttheacouracyisusuallynotsohigh
asisdesirable.A horizontalV-arrayisunusablewhen,forexample>
a largelateralgradientofflowexistsorwhenwake-e measure-
~fis = aestia.

Theparallel-wirearraywasdevisedtooveroomethesediffioul--
ties.Itconsistsoftwowiresmcuntedinthevetiioalplanecon-
tainingthemountaxisandheldinspatialandelectricparallelism
bytwoSUppOtiS. Thewiresareusuallya few(about5)diameters
apart.

Thebasiu prinoipleisthewell-lamwnoneoftheheatedwake;
earlierformsofthearrangementaredisoussedinreferences2
and17to3.9.Themeantemperat-(hencethewrrayresistance)is
a ~ whenonewireliesdirectlyintheleeoftheother,that
is,whenthelooslizedflowveotorliesintheplaneofthearray.

..— . -- _____
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Thewtresmaybeparalleltothemountaxisormountedatsane
acuteangletoit. Ineitlieroasejtheoenterofgravityofthe
army is@ace&ontheaxis.

A yaw-angledeterminationisusuellytie byrotatingthemount
abouttheaxisuntilelectrioindicationhasbeenobtainea%hatthe
resistanceofthearrayisatsomemeximelvalue.Thebridgecurrent
iskeptconstant.Theyawangleatwhiohtheresistancepeaksi~
S-Y aefinea.

Tempmatureandmass-flowdeterminationsaremadeinthemanner
previouslydescribed.Asbefore,the-y isfirstrotateauntil
coincidenceofflowvectorandarrayplanehasbeenachievea.The
initial‘zeroing”isof-at importanceinthiseasebeoauseofthe
h@h yawsensitivity.Mass-flowdeterminationsareaccuratewhen
theflow~ituhangleiseitherknown,inwhichcasea suitablecor-
rectiontozeropitchmm beappliea,orissmall.

Ccmibinationarray.-Certainadvantageswillsubsequentlybe
showntobeassociatedwiththeinclinationofa wireawayfromthe
positionofnomalinoidence.Onthosegrounds,mountingthewires
ofa pwallel-wirearrayatabout45°tothemmnt axisisdesirable.

Theoneimportantadverseeffectoftheinclinationisthe
considerableinoreaseofpitohsensitivity.Inthediscussionof
V+?mrayssuoharrayswerefoundtobeinsensitivetodirection
changesoccurringintherespectivearray@anes(whenthetwo
wiresareoonnectedinseries).Combinationoftheparald_el-
andvertioal-Vconceptsis,a sim@ematter;theresultisa ver-
ticalv ofwirepairs.

Thetwopairsmaybeusesincombinationorseparate-l-y.The
PW angleisobtaineabyrotationofthemount,asina vertioalV
ora single~ti. Thesensitivi@topitohduringmass-flow-rate
aetemninatimnsisabouttheSEUMasthatofa singleverticalwire.

Buththepmallel-~ instrumentsaesoribedare@ioul.arly
usefulforwakesurveysandforfluwmeasurammtsnearsurfaoes
essentiallypamUleltotheaxisofthemount.T@ areusually
notusefulnearsurfacesnormltotheaxis.

- A yyramidalarrayoonsistsoftln%eormore
wiresofequallengt;meetingatanapexandsptrimlly aispsea
aboutscm axis(usuallyonenormaltothemountaxis).

. . ----- .—_. — ..___ ---—--— -—----—— ---- ———- — .—--— -.— . .——. ——. ___ . .
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Suoharraysare
toholdaccurately.

veryusefulwheneverthe cos~ lawIsknown
Forexsa@e,ifthethreewiresareoriented

&longthreeinterjectingedge;ofanIms@narycube,itcanbe
shownthatifthewireEIareconneotedinparsdlelthepowerinput
willbevirhdlyindependentofflowdireotionovera substantial
solidanglecenteredabouta cubediagonalthroughtheapex.A
meansofmeasuringthemagnitudeofmass-flowratewithoutregard
fordiredtionisthereforeavailableunderthehypotheticalccndi-
ticns@osed. Oncethemagnitudeisdetermined,thedirectioncan
bemeasuredbyusingtheindividualw3res,ortheyawanglecanbe
determinedbyrotationiftwoofthewiresm symmetricallydisposed
abouta verticalplanethroughthep-d apex. .

Ingene=, huwever,thecomplexityandthesizeofthe-dal
structureaswelJ-astheuncertaintiesinthecurrentlamwledgeof
oblique-incidenceheat-transferratesatthehigherMachnmibers
servedtopostponeinvesti~ticnofsucharmys.

Theprecedingdiscussionshaveassumedtheexistenceofideal
anemometers.~icitly, thea8_a imrments =re supposedto . .’
consistsolelyofwireshavingunalterableproperties,dimensions}
andyositicnswithrespscttooneanotherandtothemounttube.
Finally,thewireswereassumedtohavezerothemalocnductivity,
sothatnoinputpowerwouldbelosttothesupports.Suchinstru- .
ments,ofccuke,cann~betitised. ,

12xmithepossiblemountdetails,theavailablemountandwire
materials,andthealternativemountingtechniques,thedesigner
mst selecttheoptimmcombinationfora particularap@icaticn.
Thecptimmcombinationisthatwhichyieldsthemostaocumteflow
informationaftertheinstrmmnthasbeeninaotiveusefora pro-
tractedperioi,fa exsa@e,20hours.

Althougha whollyquantitativetreatmentofthedesign~oblem
isclesrly@ossible,thefoIlowingdiscuss@nrepresentsan
appr~chtothatideal.Reconciliationoftheocnfl.iotsamong
thevariuusfindingsisdiscussedaftertreatmentsofendlosses,
aerodynamicstress,impactandvibrationeffects,oorrosicn,and
electricstability.

Endlosses.-Inthealmenoeoferrorduetovariationwith
time~f thedhensicnsorofthephysicalpropertiesof
thewire,.thechiefsourceoferroristheconductiveflowtothe . .

. .
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su~ortsofa substantialfractionoftheheatreleasedinthewire.
Themagnitudeofthatf%actionmustbeknownina giv6nsituation
tomakepossibleinteroomparisonsamongaerodynamicheat-lossdata
takenunderdifferingsetsofconditions.

Thefractionalendloss,representedbythes@bol ~, is
definedastheratiooftheheatlostbymnductiontothatlost
direotlytothestream.Thisratiodepmiisuponthephysicalprop-
ertiesofthewireandthesupportmaterials,thedimensionsofthe
wireandthesupport,theprevailing100aleffectivemass-flowrate,
andtheeffectiveembienttemperatureand.themeantemperatiat
whichthewireismaintained.

Tabulationofa fairlyprecisevalueof ~ issubsequently
disoussedinthesectionCALCUMTIONSANDCORRECTIONS;however,the
equationsgiventherearesuohthatthedegreeandthemannerof
dependencyof ~ onthevaluesoftheseveralparamete~deter-
miningitarenotapparent.Ana~a3dmateexpressionthatclearly
exhibitstherelationssoughtisdevelopedinappend5xB andgiven
herejthisexpressionwKllbefoundusefulinthemakingofpre-
limi~ estimates:

(lo)

Thevalueoftheexpressioninbracketsdiffersfrom1 byless
than10pe~entinalmostdl oases.Thevalueoftheexpression

. (%pJ) usuallyisnearly1 when ~S O.1 (atnicslvalue)..

Variationoftheprduotofthesetwoexpressionsisaccordinglya
matterofseoondaryimportance;theprcductmayoftenbetakenas1
withlittleerror.

—-——. ————..—- –—..
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Minimizationof ~
equation(10)indioates,

NACATN2117.

maylestbeaccom@ished,asinspectionof
byIWdJlliZi73$the ~/Dw ratioEmd”usiIlg

wireoflowthermalconductivity.InMew ofthepresenceofthe
factor(Reff,&)-1/4,anincreaseoflengthata comtant~~
ratiowillcausea smalldeo~aseof ~, sothatoftwogecmetri-
- S~ -S theMger will-loserelativelylessheatto
thesupports●

.

Decreaseofthesupporttipdiameteranddecreaseofthesup-
portthezmuilconductivitywillresultin~~ decreasesof ~.
throughchangesintheratio~;::y. O@rationatli@er

meanwiretemperatums,throughde&easeofthequantity(1-t)1/2,
willsimilar

7
affect~; thisquantityvariesapproximatelyas

(1+ saw)-l2. Forexample,anincreaseofmeanoperatingtempera-
turefrom200°to400°C reduces[ undernormalconditicmsby
abut 6peroentfor20-percentiridium-jlatinum(asthewirematerial)
orbyalout20percentfornickel.Thephysioalreasonforthe
decreaseisthatwiththeriseinresistanceofthecenttiportion
ofthewirea higherf’mctionofthetotal.powerisreleasedwithin
thatportion. .’

Ingeneral,errorsinthecalculationof !-leadtoerrorsin
computedflowcharacteristicsthat”aresmallbutnotnecessarily

*-

negligible.It isimportant,however,thata distinctionbedrawn
betwaenaninc-ct velueof ! consistentwitha valuecalculated
onthebasisofcalibrationdata(andusedtooomectsuchdata)and
anincorrectvalueof ! inconsistenttitha calibrationvalue.
If,totakeauextremesituation,thecalibrationsituationandthe
experimentalsitqationarethesame,thefact‘thattheaculated
valueof ~ islowby50prcentineachcase(becauseofuseof
aninoorrect~, forexm@e)hasnohearingontheresultantflow
tiasurements.Close@milarityofcalibrationandexpertientalsit-
uationsisa guaranteethatnegligibleetiorwillresultfromuncer-
taintiesin ~. ASthetwodiffermorewidely,greatercareis
requireilinthecehulationoftheend.leases.A t~icelcase,
involvinga fourfoldchangeofflowratefromcalilmaticntoexper-
Mente3situaticm,wasanaly%iodlyinvestigated;sucha situation
couldariseasa consequenceoflimitationsoftestfacilities.In
ordertoavoidanerrorgreaterthanO.5percentinthecalculate
Reynoldsnumber,ascausedbyanerrorintheassumedvalueofany
single~ter, itwouldbenecessarythatthemagnitudesofthe

.4
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followingparametersbeaoouratetoatleast
~, 5.5percent;~, l-l~roent;Dn, 60

21

thestatedpercentages:
percent;~ and k+,

each110peroent;‘eftb 2} 200pero~nt.If,however,‘sucherr&s
existedsinm.ltaqeously,jtieerrorintheReynoldsnumberuouldbe
as-at as3 peroetisothatthepermissibledeviationsare,in
geneml,correspondinglysmaller,

Asrdynamicstresseffeots.-Whenthewirestressisofthe
orderof3X 10@dynecentimeter-2orgreater,theeffectsuponthe
aw~i&9 andthepropertiesOfthewirearesigdfic~tti ~ti
bequantitativelymnsidered.

Whenthewireisnotexposed,‘thestresshas,bydefinition,
thevalue01. Uponexposure,thestressisinoreased;theinduoed
stressisaesignatea(72● Theresultantstress,called03, isnot
simplythesumof 01 and 02. There-ktionamongthethree
stressesd anexpessionmeldingthevalueof 02 follow;the
derivationsaregiveninappendixC. Theerrorsinvolvedinthe
useoftheserelationsaredisoussedinthesectionCALCULMTON8
ANDCORRECTIONS●

033+J32o@23 = o
.

.

(U)

(12)

ThequantityF inequation(12)istheoombinedflexibility
OfbothSUppOtiS. Inthesituationofleastoomplexity,thatis,
thatofa single-wiremount,thewiresuppotisofwhichconsist
offrustumsofconesrigidlyattachedtothemounttube,therela-
tion(appendixC)

128$3
F= (13)

~ % %,13%,2’

applies.
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A knowledge&fthewiredimensions,dragoc-efficient,mass-flow
rateperunitarea(takenata rightangletothewire),flowspeed
(alsotakenata rightangletothewire),andsuy-portflexibility
isre~ueafora determinationof 03.

A @ot of 03, thestressinthewireduringopsration,asa
funotionof 02 forseveralvaluesof’theititislstress01 is
~sentedinfigure2. Athighvaluesof 01, 03 isnearly
inde~ndentof 02 atthelowervaluesof 02; theiiepmdenoy
beoomesstrongeryithincreasing~2. Thissignificantcircumstance
willbereferredtoagain.

Thevalueof 03 mayhemin3mizedbydecreasingthe L@w
ratio,bydemeasingtherigidityofthesupports,andbyinclining
thewiretothestream(equations(Xl.)and(12)).Inconnection
withthefirstmethodofminimization,itshouldbeconsidered
thatoneofthefm factors~ inthedenominatorofequa-
tion(12)isassociatedwithF. Whenequations(12)and(13)are
combined,theexpression

‘23=*(93(83(!+‘CDG’V’)2%’14)

.

isobtained.ASthemuurksizevarie~,theratios~~, ~,1~,
and ~,2&- wi31remainf-a ifgeometricsimilarityismain-
tainedforthearrayandthesupports.Theratio~,2~ is
presentbeoausetherelativerigidityofwtresandsupptisaffeots
thedisplaoemetiofthew3re(fromthestraightcondition)perunit
aerodymmicloading.Ithasalreadybeennoted,ineffeet(equa-
tion(u) andfig.2),that03 decreasesS1OW1Ytithdecre=~
al●

Theeffeotsofthesteadystress03 ontheacouracyofmea-
uzwnentsare: (1) Highstress,byoausingslowirreversibledefama-
tion,leadstoirreversibleandunoertainohangesinthemagnitudeof
theheat-transfersurfaceandintheelectriocharacteristicsofthe
whe oreventocumpletefailure;(2)thewireismademorevulner-
abletoimpactandVib”mtionalstresses(subsequentlydiscussed);
and(3)a reversibleresistanceohangeocoursthatiserroneously
consideredbytheobsenertobe~sed bya temperaturechange
(thestrain-gageeffect). .-

f-
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Theailverseeffeotsmaybeavoidedtosomeextentbyproper
seleotionofmaterials.Thewirematerialshouldhavethehighest
yossibleyieldpointintensionatthedesiredoperatingtempera-
ture.Itisimprobablethatanymaterialhavinga roomtemperature
long-time@eldTointbelowabout6.2x 109dynecentheter-2
(90,000lb/sqin.)willbesatisfactoryforhigh-speeda@ica-
tions;thefigurecitedisbaseduponexperienceattheNACALewis
labontory.

Thestrainincrementaccompanyingtheohangefromal to &
isgivenby

(15)

Intermsofthe
resistanceChmgeis

strain-resistancefactorS, thefractional
thengivenby

AR s (03-al)—=
R %

(16)

.

Seleotionofa materielhavinga lowvalueofthestress-
resistancec=fficient%-1 isthereforedesirable.unfortu-
nately,thevaluefor20-percentiridiumqil.atinumis2.87x 10-12
centimete#dyne’1(1.98x 10-7olm/olug/(lb/sqfn.));thematerial
servesverywellinstrain-gageapplications.

%
stenissuperior

inthisres~ot,exhibitinga valueof0.44x 10- Ohmp ohm
yerdynecentimeter-2.Ontheotherhand,tungstenwire,usedat
higher~~ ratios,isusua21ymm highlystressedthanis
iriaitnn-@SHTlum.

Minimization(byincreaseof Ul) ofthequantity(03-ul)
ofequation(15)istheonlymethcdotherthanmaterialseleotion
ofminimizingresistanceohangescausedbystressohange.

Impaoteffcots.-A quantitativetreatmentofinstantaneous
stressescausedbyimpactsofstream-honesolidp,rticlesis
unavailable.Anoversimplifiedanalysis@eldstheexem@ary
resultthata partiolehavingapproximatelythedensityofwater

. —.. .—. . ._____ ___ ._. _ ————. -. —- ..—.-— ~—. — —— _ ___
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anda diameteraboutthe‘seasasthatofa 0.0038-centimeterwire
cancausea tensilestressofatleast1.4X ld” dynecentimeter-2
(200,000lb/sqin.)insuoha w5rewhenthep.rtioleissuddenly
broughttorestfromaninitialspeedof45,000centimetersper
second.Nowireusedforanemometriopurposeshasa dismetergreater
than0.0038cerdzlmeter.

%’

--

The&obabilityofa “hit”maybereducedbythereductionof
wirelength(normaUyprojettedtothestream)anddiamter.‘Reduc-
tionofw3rediametermch belowthemeaneffeotivkparticlediamter
willnotgreatlydeoreasetheprobability,however,becausethe
sumofthetwodiametersisthecontrolJAngfigureinthisconneo-
tion.Themosteffectivewaytoavoidimpacts,ofcourse,isto “
adequatelyfilterthestream.

Thereductionofimpactstressesmy beaccom~istidby
increasingthewire.diamsterbeoausethedevelopedstressvaries
inverselywiththesquareofthewirediameter.Lengthohanges
havea relativelyminorinfluenoeonthedevelo@3(tipact)stress,
whereastheeffeotofohangesoftensionisunlamwn.Impactstresses
wSllnotexceedthosemusedbyparticlesofthe~ size(hence,
generallymass)permittedtopassthroughthefilter.Inclination
ofthew3retotheflow,whennotcotiraindioated,isaneffeotive
methmiofstressrduotionbeoausethedevelopedstressvsries

.“

approximately~-thesquareofthe‘ccnnponentofparticlespeed
normaltothewire. . --

Theselectionofmaterialshavinghighyieldpointsintension
willminimize_ oausedbyimpacts.Althoughcompressiveand
shearstrengthsareequally@portant,allthreestrengthsare
sufficientlywellco-1-atedto’obviatethenecessityofseparate
considerationofeaoh.

Vibrationeffects.-Noattem~haqbeenmadetodevelopquan-
titativetheorywherebypredictionscouldbemadeoftheamplitudes
andfrequemiesofvibrationsoftheseverslcomponentsofa hot-
wiremount.Instead,theapproachhasbeena whollyqualitative
oneoonsistiugprincipallyofreco@itionofthefaotthata very
rigidstnotur&isunlikelytodevelopsignificantvibration.In
general,then,themcuntandsuppotismustbetie asrigidas
praotioablewithinlimitationsimposedbyotherconsiderations.
Thewireratio~~ mustlx?minimizedandthewiretensionu1
maximized.Hightensionvirtd2yelimimteswirevibration,a
faotthathasbeenconfixmwlbyaotualobservation.

. .

.
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Becauseoscillatorys%res~eBas~ocia%edwithanyrenanentvibra-
tionnotpreventedbythestncturalrigidityaresuperimposedon
thesteadyaerodynamicstresses(asmll asuponoccasionalImpmt
stresses),itisdesirabletominimizetheaerodynamicstressesand
tousematerialshavinghighfatigue-limitedyieldpaints.

oxidation.-Thesensitivity(toflowchanges) ofananemometer
increaseswiththetemperaturedifferencebetweenwireandfluid.
Furthermae,a givenabsdhrtechangeinthefluidtemperaturewill
causeanundesiredchangeintheinptpowerrequiredformain-
tenanceofa givenwiretemperaturethatisinverselyproportional
tothemeantemperaturediffennoe.Otherwisee~ssed, operation
ata high- tempera- minhizesreadingchangesmoasionedby
randamorotherair-temperaturechanges.High-temperatureopera-
tionhasalreadyteenfoundtodeorease~. Finally,theairtempera-
turewilloftenbeabove200°0,which,apartfromthepreceding
considerations,requireswizeopsrationata minimmofabout
3500c.

Corrosion(usuallyo@dation)ratesmaybeminimized,primarily
byoperationatwiretemperaturesthatareminimalwithrespectto
theconsiderationsmentioned.Noblemetalsoralloysuponwhich
“layersformthatarerelativelyimgerzneabletooxygenmayleemployed.
Alternatively,suitablebarriersoflmpemeahle,nonoxidizingmater-
ialsmaybedepositedo-qthesurfaceofthewire.FinaUy,theuse
ofmetalsmaybeavoidedaltogether;oxidesexisthavingresistivi-
tiesfailingwithinauseful-e whensuffioientimpuritycontent
ispresent.

Theonlymethcdwherebytheeffectofa givenoorrosionrate
maybeminimizedistheuseofwirehavinga maximuma310wable
diameter-a quantitythatvarieswithmanycircumstances.

Electricstability.-Aninwiantcorrespondenceof-
resistanceandwiretemperatureisclearlyofbasioimp*ce.
Intermsofthequantitiesusuallydealtwith,the0°C resistance
andthetemperaturecoefficientofresistanceshouldbeknownto
about*o.05Prcentandshti re~inf~d ~t~n *O●1 wroe~
orbetk-rovera peritiduringwhiohrecalibmtionistoleavoided.

Materialshavinghighmeltingpointsandhighstrengths(in
theannealedstate)wi12almostinvariablyexhibithigheleotric
stability.lngeneral,allOYSareless=ce@ible toc=st~ine
growthandotherinternalohanges.Eleotricohangesmaylereduced
bysuitableannealingorpartialannealing(normalization).The

.

i
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-t@es of*~ val-uesofmsistivityandtemperaturecoefficient
ofresistanceneednotusuallybeconsideredbecause,whensuita%le
bridgesandgalvanmwtersaree@ OyedjvirtuallyE&I.materials
otherwiseacceptablewillyefuundtoexhibit”ausefullylarge
ohangeofresistivityperunittemperature.Itisinadvisable,
however,toattempttousea materialhavinga temperaturecoeffi-
cientbelowabout0.0006per% becauseinsuohcasesa given
uncertaintyofwireresistancechangeacmmpanyinga particular
temperaturedmngeisususXlya prohibitivelyIxmgefractionofthe
mallresistancechangeitself.

Reconciliationofconflictingrequirements.-Thewtcehasbeen
chieflyconsideredasananemmeter-a devicethatfunotionsbecause
itste-ture israisedabovetheeffeotivemibient.Thesame
wireservesverywellasa resistarmethermometer,however,sndthe
twofunctionsaOnotrequiredistinotdesignconsiderations.

The ~~ ratioshouldbewmhizedtodecreaseendlosses
andminimizedtodecreaseaerodynamicstresses,~creasevibrational
em@itudes,andincreasefrequenciesofresidualvibration.Ithas
alsobeenfoundthat~ shouldbemin3mizedtodecreasetheprob-
abflityofa partiolehit,andt~t ~ shouldbemaximizedto
reduceimpaotstressesandcorrosioneffectsandminhizedGO
decreasetheprobabilityofpartioleimpact.

Althoughestablishmentofa singlequantitativerelationthat
will~rmitcalculationofopt5mnmvshesof ~ and ~ inthe
“absenceofquantitativetreatmentsofimpmtandvibrationeffects
ishpossi%le,typicalexampleswillbegivenofproceduresthrough
whichtheseveticonflicti~~quti~ntsw ~ey inS= de~e y
reconoflea. .

!-

,.

Letitbeinitiallyassumedthat”thefiltrationisperfect;
hqactsarenonexistent.Itisfurthersupposed,inthisfirst
exam@e,that‘kllmationhasbeenlargelycl-ted bytheselection
ofanappropriatelyhighvalueof 01. Thewirelengthandthe
orientationwithrespecttothestreamareassumedfixed.A value
of F inequation(12)isas8umed;thesu~ortshavebeenmadeas
rigidastherequirementsofaer~c “cleanness~permit.
Finslly,thewireistobeusedata temperaturesuchthatoxida-
tionwillnotoccur.Underthesecircumstances,thewirematerial
thatshouldbeusedandthediameterthatismostdesirablemust
beseleoted.

●

. .

--!
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Inequation(10),thequantity

(!%’3’)[’-2(0.’%JI$T$T
maybeassumedequalto1 forthepresentpurpose.Uponsoltingthe
modifiedequation(10)for ~, thefollowingequationisobtainea:

I)w.80.4752/3~t4/3@}/3~-)2/3 (Ref,J1/3

(17)

Asanexample,a solutionbaseauyonthefolJmwingfiguresis
given:~ = 0.254oentheter;~ = 0.12(aratherhighvalue,but
gotexoe

F
i&al);filmtemperature,125°C;meanwiretemperature

~, 250 C;effeotiveambienttempera- ee, 0°C;and Re‘f,L,
3000(correspondingtoanairspeedof2072cm/seoor68ft/see)
atstandardpressureand0°C.

Initially,theuseof20-percentiridium-@atinumisassumetl;
a is0.00085pr % and

%
is0.042(cal/(sec)(cm)(°C))

(2.82x 10-3Btu/(see)(ft)( )). Incomperis~withthevalue
of ~, ~ = 0.0000807(cal/(see)(cm)(°C)).

It5.Bfoundthat~ = 0.0023centimeter(O.00091+in.).The
designerwouldselectthenearestavaila@lesize.Theminimum
~~ ratiowouldbe310.

Thediameterintheeaseofa differen%’materieliseasily

()l+c+ys
oabulatea;the figcreal varytith

%
. Forexample,

thediameterinthecaseoftungstenwoulabeabout0.00084centjme-
ter(0.00033in.).TheminimumL@w woulabe303.

-———— ~—. —____ ___ ..______—- —z. —-- _ ———— . ..—. . . . .
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~ Afterthew3rediametemfor-wmiousmaterialshavebeendeter-
ti~a,thewiresmnstbeO~a onthebasisofexpectetistresses
w ~da potits.TheinformationthatisEquireaisthemaximml
flowvelooitytowhicheachwiremay%esubjecteawithoutexceeding
a certainfractionofthelong-the~da pointofthematerial.

Themaximumsteadystressshouldprobablybelimitedtoone-
halftheknownlong-timeyieldpointofa givenmaterialattheoper-
at~ temperature.A safemarginisaffordeabyobse’rvanoeofthat
rule.

Bydesignatingthemaximumdhwablestresson (seleote&by
anysuchrule),ignoring01 incmpwtsonwithus, andnoting
thatG’= p~’,thefollowingequationisobtainedfrcmequa-
tions(U) aria-(14):

Equations(17)and(18)areoaibineatoyield

—

!

“(18)

(19)

inwhioh

Forthepresentpurpose,thequantity(P~) ‘1/2‘isconside~d
fixes.

3/4
(k)

l+a5w2/3
T@ quantityam

w
conditionsofthea~fi~ti-&a “figure

naybeconsideredunderthe

ofmerit”ofthewirematerial.

.

.

-.

.“

--
,.

. .
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b
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. Byusing3.55asthentio oftheYiela
tungstenandof20-peroentiri!iium-@atinum,
ofmeritofthetwomaterialsisfoundtobe

!$ cedingbasis,thenoblealloywtlltithstand

29

pointsintensionof
theratioofthefigures
about1.05.onthep.re-
airspeedsslightlyin

8? excessofthosetowhiohtungstenmaybesubjecteii,
.

Impact stresseshavebeenignoresinthe~ceaingdiscussion.
Suohstressestithetungstenwirewoulabeover13timesasgreat
asthoseinthenoble-alloywirebeoausethesquareofeaohdiameter
isinvolves.Clearly,ifspatialresolutionaemand.spermit,the
larger(alloy)~ woulabeemplo~a.

Asanadditionalexam@e,= outlineoftheanalysisreguirea
byoneothert~ioalsituationisconsiaerea;,nonumericalresult
isgivenasitwoulanothavethegeneralsi~fimnoeoftheresult
obtainmlinthePvious case.

.

Itissu~oseathata wireofspecifiesmaximumdiameteristo
beusestosurveya boundarylayer.Thestreamisnot-freeofpar-
ticles;themaximmallowablediameteristhereforetheonechosen.
Thecmqonentofwirelengthinthedirectionofflqwislimitedby
,thema@tudeofthegradientinthatdireotion.toa givenfigure
(~). Tk lateral-gradientisaullandthew&e-lengthomnponent
inthelateral.directionisunspecified.Theanglebetweenthe
stmesmandthenozmltothewire9 shoulabelessthanabout60°
topreventthdwirefromlying,insubstantialpart,inthewakeof
theforwardsuppti.ASpti-lY$ t~ madmumallowableend10SS
iSapecifieii.

Theangle~ iseither60°,aea maximum,orisf-a atsome
● lesservaluebytherelation(f%ome~ti~ (17))

(

Thelastquantity
thetrueatis~ed

.-

.

04’’$2Y’’E=Y(!’20)~
inparentheses
andthelength

. .

istheReynoldsnumber@se&upon
%1”
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Folhwingthedetermination,of ~
eachofthexmterialsbeingconsidered
ofmaterialsismadefromthe~ointof
equations(n) and(1.2);thepreceding
aswellas V’=Vooscp. Itisfoumi

NACATN2117

andof ~=~osoCp for
ina givencase,a comparison
viewofsteadystressusing
expressionfor ~ isused
that

(21)

Inthiscaseitistipossibletostatea simplerelationthat
tillserveasa figureofmerit.ThestressesC3 wouldbecaqmted
forsomegivenhighveloci~withinthedesiredworkingrange.The
sevetimatiridsofinterestwouldthenbeassessedonthebasisof
comparisonsamongtheseveralratios03/Om.

Theconsiderationsgoverningselectionofmaterialsaredis-
0u8sed.The~sentationofthesalientconstmzctionfeaturesof
mountsisfO~~Ted3Ya discussionoftiremountingtechniques.

●

EvaluationofMaterials

Wirematerials.-References20to24andotheryullicaticms
wereconsultedtoobtaininformationconcerning~oys andelemental
mtalsofpcmsihleuseintheexprimntalprogram.Unfo*tely,
manymatetids(manychromium-bearQ3alloys,forexamyle)thatwere
~omisingonthebasisofstrengthandcorrosionresistancecould
notYeconsidered“beoauseneitherthermalcondnctivity noreleotric
datawerefoundinthelitera~. Itwasconsideredinfeasibleto
makethethermal-conductivitydeterminationsrequiredtoevaluate
suchmaterisls.Electricaldatawereeasilyobtainable,ofoourse,
ifa givenmaterialwasavailable.

. . .
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Thematerialsfinallyconside~dinsomed&ailweretungsten,
noble-metal-platedtungsten,andthenoble-metalalloys.

Itwasknownthattungstenoxidizesfairlyreadily;dataonthe
increaseofresistancecausedbyotidationarepresentedinfigure3.
Thecurvesrepresenttheincreasewithtimeoftheroan-tenprature
resistanceofthreetyyicaltungstenwiresSuspetiedwithina heat-
ingjacketandexposedtotheatmosphere.Evenatthemode~te
temperatureof482°C,thente ofincreaseofresistanceofthe
barewireisabout1 percentperhour.Themaximumpermissible
variationisabuut0.005percent.~erhouriffrequentrecalibration
- tobeavoided.Theremainingcurvesrepresenttheincreaseof
resistanceoftwotungstenwiresplatedwithplatinumbysputtering
andbyelectroplating.!Chemte ofoxygendiffusionthroughthe
platingineachcasewassuchthattheplatedwiresoxidizedabout
asra~idlyasbarewire. “

Belowabout375°C,tungstenresistsoxidation(atnomnalpres-
sure)sothata tungstenwireoperatingata meantemperatureof
300°C wouldprobablynotfail.bycorrosion.A temperatureof
300°c isthemaximumallowablebecausethetemperatureatthe
centerofa tungstenwirehavingan ~~ ratioof250willexceed
themeanvaluebymorethan60°C. Inpracticea wirecannotbe
safelyO~~tea atthemaximmallowabletemperature,foranysub-
stantialelectricoverload‘willinevitablyoausea changeinchar-
acteristics.

Tungstenwirecommerciallyelectro@atedwithgoldorplatinum
isavailable.Suchmaterialcaneasilybefaptenedtosuitable
supportsbyroutinesilversoldering,buttheplatingservesno
otherpurpose.

Severalnoble-metalcmbi~tions(gold-platinure,silver-
platinmnjpalladium-@atinum)wereexcludedfromconsideration
becauseoftherelativelylargerateofdecreaseofstrengthwith
increaseoftemperature.Rhciiium-@atinumalloyshaveinsuffi-
cientstrengthevenatlowtemperatures.Alloyscontainingmore
thanabout10~rcentofeitherosmiumorrutheniumcouldnotbe
usedbecauseofsusceptibilitytooxidation.Noinformationwas
orisavailableconcerningbinaryrhodium-fiidiumalloys;such
alloys,aswellasternaryalloysbasedoneitherrhodiumor
iridiumorboth,should%eexperi&nta21yinvestigatedastheir
characteristicsshouldbeoutstanding.OnebinaryaIloy(20-percent
iridimn- 80-percent@atinmn)andoneternary(5-percent
ruthenium-15-percentrhodium- 80-psrcentplatinum)appwmedto

.
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havedesirableelectric,mechanical,and
teristios,onthebasisofthepublished
fromcammrcialsources.

NACATN2117

.

aorrosion-msistantcharao-
data,and& available

.

.

2ublisheddata(withtheexceptionofthermalconductivity)
concerni~bothalloyswerecheckedatthislaboratory.Thetwo
materialswerefoundtohavevirtuallythesameelectricproperties
andcorrosionresistances;however,thestrengthoftheternary
alloywasfoundtobeabuut20percentlowerthanthatofthebinary.
Theternaryalloywasnotconsideredafteritwasfoundthatthermal
conductivitydatawereunavailable;itwasfeltveryunlikelythat
thethermsloonductivity wouldprovetobesufficientlylowerthan
thatofthebinaryalJ_oytocompensateforthestrengthdifference.
Thermal+mnduotivitydatawereavailable(referenoe25)forthe
iridium-platinumalloy.

Theresultsreportedhereinwereobtainedwith20-percent
iridium- 80-percentplatinum.Oftheavailablealloysorelem=ntal
metalspossessingpropertiesthathavebeenevaluated,nomaterial
isbelievedsuperiorinsofaraesteady-stateanemmetricworkis
concerned.

. .

.
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Therelevantcharacteristics,insofarastheycanbeassigned
numbers,arelistedinthefollowingtable:

Property Value mts . Remarks
Resistivity 32.9X 10-6 .

ohm-cm Dependentuponhistory-
ofmaterial

Strain- 6.1 dimensionlessIndependentofhistory
resistance ofmaterial
coefficient

Temperature 750 Oc Valuecorrectonly
abovewhich forairatnormal
oxidationis pressure
d.eteotable

Temperature 0.00085 Oc-1 Dependentuponhistory
coefficient ofmaterial
ofresist-
ance

Thermalcon- 0.042 ml cm-lOc-1 Nomeasurementmadeat
auctivity thisla%oratory;

valuecorrectat
8 both0°and100°C

Yieldpointin 0.723X 1010 dynecm-2 Nomeasurementmadeat
fullyan- (105,000) “ (lb/sqin.) thislaboratoryon
nealedcon- fullyannealed
aitlon material

Yieldyointin 1.00x 1010 dynecm-z Conservativevalue
as-drawn (145,000) (lb/sqin.)
Conaition

Young’smd- 212x 1010 dynecm-2 Calculatedfrom
Ulusof (30,800,000)(lb/sqin.)
elasticity

measuredstrain-
resistanceand
stress-resistance
coefficients

.

Thewireisusuallyannealedatthislaboratorybybei~brought
inopenairtoa temperatureofabout800°C andheldtherefor
severalminutes.Thepericdisnotoriticsl.Suohananne~if3
nota fuKlannealbutdoesnormalizethematerial.A decreasein
~sietanceofabout5 percentoccurswithinthefirst3minutes.A
slightchangeoftemperaturecoefficientalsooocurs.changesof

.
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anykinaOcourring
ison.Therateof
practiaalpm-poses
annealing.

Thelinearity

beyondthe3-minute
oxidationat800°C

NACATN2117

periodaresmallincompar-
issolowthatforall

thewtrecompositionisunslte~dduringthe

ofresistancechangewithtemperature●isshown
infigure4. The-threespecimenshad-beensubje&edtoa 1/2-hour
annealak820°C. Dataatthesevemaltempera-sw&e takenat
bothincreasinganddecreasingtem~ra~s. A fewpointswere
takeninanentirelyrandomfashion;nevertheless,littlesoatter
andnoapparenthysteresisocour.Becausestraightlinesoanbe
drawnthroughtheyoints,theconclusioniswarrantedthat,tothe
orderofprecisionrequiredinthepresentapplications,therela-
tionbetweenresistanceand.temperatureislinear.

Thestress-resistanceco&ffioient(2.87x 10-7(ohm)(ohm-l)
(~2)(~-1) )~s fou~ inthema ~=r; t~ re~i~~e _
measuredwhilea successionofstandardweightswas@acedona
loadingpansupportedbythetestw5x’e.Excellextreproducibility
@ linearitywereobtaineduptothemximm stresstowhioheach
speohenwaasubjetted,namely,0.430x loo @e centimeter-2
(62,400lb/sqin.).Thestress-resistancecoefficientwasthe. sam withinexperimentalerror(+3~rcent)forboththeas-drown
andtheannealed(at800°C wires.Onthebasisofanassumed
Young’sldlulus07212x 1d 0 @ centimeter-2,a stcmin-resistance
coefficientof6.1wasTredicted.Thevaluewsslaterconfirmed
byexperimentsmadetodeterminethegagefactor(6.O)ofstrain
gagesmadewiththematerial.Asthegagefactorisinvariably
slightlylessthanthestrain-resistancecoefficientofthematerial
itself,theassumedvalueofthemodulusmustbenearlyoo~ot.

Supportmaterials.-Thesupportwasrequiredtohavehigh
strength,acoeptsaversolderreuyj ex~bithighelectfic
stability,havea lowprduotofresistivityandtempera- coef~
ficientofresistance,oxidizetith’clifficulty,besufficiently
hazdtomakerepeatedoleanlngpracticable,andbeoapableofbeing
maohinedorfO~a. Inaddition,itwastiesira%lethatthethermal
conductivitybelow.

Theocmmercialnickel-chromiumalloyInconelintheformof
weldingrodwasselectea,foritmetallofthesespecifications.

Occasionallyitisaesirabletohavesupports,which,although
exhibitingrigiil~tygreaterthanthatofInconel
thesameorevenlessoppositiontoloodflow..

.

tipports,offer
TheYmmg’smcilulus
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ofInconelisabout214x lp” dynecentimeter-z
(31.,000,000lb/sqin.);apparelltlyj nomaterialthatisatleast
equallyacceptableinotherrespectshasa higherYoung’sIucdulus
thanalloysintheniokel-chromiumseries.

Oneexper&nentalmountwasneverthelessconstructed.using
wiresupportsof(ground)tungstencarbide(6-p=ercentcobalt-bound.)
oones.Tbesupportswereconsiderablymorerigidthantheusual
Inconelsupportsdespitethe~smallercrosssections.Theelectric
characteristicswereslightlyinferiortothoseofInoonel,how-
ever,foralthoughtheresistivityisslightlylowerthanthatof
@W3sten,thete~ra~ Ooeffioientisverymgh (ahOutO.006/%).
Suohsupportsshouldthereforebewea onlywheneitherconditions
ofseverevibrationprevailatthemeasuringstationorthechannel
isofsuohsizethat suppoz%sofminimalorossseotionareessen-
tial. Ingeneral,thesupportresistancewillnotthenbeknown
aspreciselyaswhena niokel-chromium-alloysupportisemployed
(forwhichthetemperatbcoefficientisusuaUyabout0.00016/°C).
Tungstencabideaooeptsqilversolderrgadily;furthermore,its
etiremehardness&es possibleanindefinitesupportlife.

MountDetailsandAssenibly

. Therealizedmountscarryingaifferentarraysaresimilarto
oneanotherwithrespottonmterials,constructionaldetails,and
adherencewithinpracticallimitations.tothedesignprinci@es
previouslydisoussed.

Mountdetails.-Typica2.oonstructionalaetailsareillustrated-
infigure5. ThemounttubesofstainlesssteelorInoonelare
thick-walledwhereverthepermissibleouterdiameterisabout D
0.48oentim?terorgreater;thelimitationisthesubstantial
fractionofthecrossseotionoccupiesbytheleadwires.The
portidnattheinst~nt endisgivenanapproxhatelystream-
linedcrossseotionwhenever~cticable;oonsiaeredasanapprox-
imateellipse,theminoram majoraxesoftheseOtionhavebeen
assmallas0.20and0.35cent-ter,respectively,whenthesup-
portscodaheplacedina planecontainingtheflowvector.The
small-sectionedportionisfairedintoa largertube;thetube
ultimaix?lybeoomesa round,thiok-walled,l/4-inch-diametertube
thatcanbeaccommodatedbya standafi.instrumentaotuatorof
IVACAdesign.

.
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Thesuppotis,usuallyofInoonel,mnsistmost
otiinationofoiroularrd andfrustumofa crone.
pqrtion,almut1.9oentmterslong,hasa diamster
0.064to0.15centheter.forthedifferentmounts.
yortionistaperedfromthe~.ointofemergenoefrom

-.
frequentlydfa
‘lhecylindrical
varyingfrom
Theconical mal
a commercial ~

yorcelain-typoementinsulationtoa tipMameteroffrom0.01to
0.023centimeter;thelengthvariesfrom0.76to1.9oetiimeters.
Thesuppo%.isusuaXlybentatornearthebase(exitpoint)toplace
thetipnearthedesfidlooation.Inaddition,thetipisoften
ourvedinsuitablefashion.Irisomeinstanoes,a solidsupportis
re@aoedbya suitableomibinationoftubes,makingpossiblethe
incorporationofa pressureta . Thequantit

‘~(007ti.lb-$)~ori~~~i~%%elof4.0x 10-7centimeterdyne
support. Thesamesupport,iffab&ted oftungsten-bide,whioh
oannotbeinelastioellydeformed,wouldhavea flexibilityofabout
1.48x 10-7centimeterdyne-l(0.026in.lb-l).

Theleadsareofglass-mated.copper.Theminhunnumberis
fourasa Kelvinbridgerequiringtwole- Wr &upportisused..
Eachleadissilver-solderedtothesupportbasepriortomount
assembly.Bytheexpedientofsilversolderingonesupportintoa
slotintheendofthemounttubeandtherebyusuaUygroundingthat
portionoftheoirmiit,itispossibletoreducethennmberoflead

. wiresoarriedwithinthetubebyone.Insucha ease,theadditional
leadconnectionIsmadetothebaseofthemount;thetwomain
current-supplyleadsalonecanbehandledinthismnner.

Itisessential.thata12leads(otherthanthetwofurnishing
currenttotheentirebridge)be joinedtotherespectivesupports
atpointswithina smallfraotionofa cent~terofoneanotherto
avoidtheprcduotionofdifferentialthermoelectricelectromotive
foroea.

StandardAN-seriesoonnectorplugs~ used;mmmeroialflex-
iblecablearmorconnectsplugandmount.Whena pressure-p is
present,a smll-diametertube.isbroughttothe@lugehngthe
insideofthesrmorwiththew3res;itleavestheplugthrougha
holedrilledata convenientpoint(fig.5). Thisconstmzotion
makesitpossibletodisconnectandtoremoveplugandarmora!nd
therebytoreducetheover+lldiameteroftheinstrumentto
0.637centimeterforimertionintoorremovelfromanaotudor
withoutpossibledamagetotheworkingend.

Thevariable@ug contactresistanceshavenoeffeotonthe
bridgerelationsbeoauseoftheKelvinconnection.Forthesame

.
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reason,a oableofindefinitelygreatlengthmaybeused,provided
reasonablyheavycopperisemployed.Noleadresistanceshouldhe
significant(>0.03percent)inoompsrisanwiththeminhalvalue
ofa bridgearmcontainingoneofthevariableresistances.

wiremounti~. - Itwaspreviouslystatedthata wireshould
besomountedthata knownminimalstress01 existsinitapart
fromotherstresses.Theentiremountingprocedureisdescribedin
somedetailleoausesatisfactoryinstrumentoperationiscritically
dependentuponwirebehavior.

Bycalibratingthesprin&ofa Jigsuchasthatshownalong
witha micromanipulatorinfigure6,thewireMy bemountedata
@ownappliedforoe.Itisconvenienttowindsome20or30turns
onthebobbin.Whena mountingistobeperfomed,a lengthis
broughtoverthepulleysandattaohedtothespring-amclamp.The
bobbinmaythenbeturnedina retrogradedirectionuntiltheten-
sionreachesabout6.9x 108dynecentheter-2(10,000lb/sqin.),
afterwhichthemin clampistightened.Inthecaseofiridium-
platinum,anannealingcurrentthatissulfioienttoraisethewire
tem~ratumtoabout800°C isemployedwhilethewireisheldina
horizontalposition(bobbin,mainclamp,andbothpulleysare
insulatedfromtheyoke). Anannealingpericdofatleast3minutes
isrequ~a forthenoblealloy.

Followingtheanneal,themainclampisreleased,thetension
adjustedtoabout0.414x ld” dynecentimeter-2(60,000lb/sqin.),
andtheclampretIghtened.

The~ jigisalwaysattachedtoa micromanipulator.Inmany
oases,a secondjigand~ti~tor arere~md} asform~nti~ a
T-wire.Oneorbothofthemanipulatorsareadjustedtobringthe
wiretotheproperyositionwithrelationtotheSUPPOMS.The-
shouldjusttouchthesuyports.Intheeaseofa singlewire,a
mixtureoffluxandfinelyground650°C silversolderisapplied
underthestereoscopicmicroscopetothejunctionfartherfromthe
Jigspring.Atthispoint,eitheranelectricora torohmethcdof
heatingtheprongtipmaybeused.Thealcoholtorch,fins-tipPeaI
andfedbyo~genunderseveralpoundspressure,isexcdlentfor
thework.Theflameshouldbeperhaps3 centimetersinlength;it
canhardlybetoofine.

Theflametipisdirectedatthewiresupportbetweenthemount
andthe~unction.Undernocircumstancescanitbeallowedtoplay“
‘onthewireorthejointitself.Whenthesupporthasbecomelocally

. .

.
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heatedtoa moderateredheat,theflametipis~roughtnearerthe
jointuntilthe~oint-by conductiononly-hasbeenbroughttoa
moderatered..Itisnearlytipossibletomeltthesoldertooquickly.
Severalseconds’useoftheflameisadequate.Thewireonthejoint
sideshouldnowbemeltedthronghata distanceofabout0.5cen-
timeterfromthejoint.ThisPoceduretransfersthespringload
toonesupport.Next,thejointatthesupportnearerthespring
shouldreceivesolderandthe- flametreatment.Thewire@n
thenbemeltedthroughonthatside;thes~ingarmshouldbecaught
bytheoperatorora rubberstoptopreventdamage.Alternately,
thespringam maybepushedtowardthe@ley ad themelting
accomplishedor,inthiscase,a pairofscissorscanbeuses.The
jigisthenremovedfromtheworkarea.

Underthemicroscopeeachfreewireendisseized,preferably
bya reverse-actionpairoftweezers.Intheprocessofengagement,
the@r oftweezersisadvancedtuwardthepropersupportsothat
thefreeendisneverundertension.Finally,a half-loopismade
ofthefreewireandthepieceismovedbackandforth(trans-
versetothetie axis)untilthefreeendbreaksoff.

Ifthis~ocedureisfollowed,thewirewillberigidly
fastenedtothesupportsundera stressaboutone-halfthatorfg-.
inallypr

$8
cedbythespringactionofthejig.A stressofabout

0.212x 1 dynecentimeter-2,(30,000lb/sqin.)canthereforebe
achievedinthisfashion;bytheuseofmoreelaborateschemes,
thisfigurecanbedoubledifnecesssry.Theclifficultyofwire
mountingincieases,however,morerapidlythandoesthefinalstress.
Inthecaseoftungsten,higherstressesareeasilyachievableand
aredesirable.

Inthe-se ofa parallelpairofwires,whereinbothwires
areattached(inspatialand.electricparallelism)tothesamepati
ofsupports,theonlyproblemisthatofholdingthewiresonthe
jig.Forthispurpose,anauxiliarypulJ-eyisaddedtothespring
arm.Whena continuouslengthofwirehasbeenattachedtothe
jig,thecoursebeingfrmnbobbinthroughclamp,overfirstand
secondpulJ-ey,andthenoverthespring-am@U.eyandbackto
theclamp,theforcesonthetwowireswill,ofnecessity,kemain
equal.Ifeachmainpulleyispluralllygroovedtoa depthof
about0.005centhneter,usinga grooveintervalofabout0.013
centimeter,thespacingofthewirescanbe~a b O.0~3-.
centimeterstew,thetwobeingheldtotrueparal&lism.

Whena mountcarriesmorethanonewireorparallelpair,the
wfresorpairsareshiltaneouslypositioned.Theprecisesoldering

--
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procedurevarieswiththeconfiguration.Thebasictechniquesremain
thesame,namely,tosolderasquickly&mlwithaslittleheatand
solderaspracticableandtotranEfers~ng forcetothatsupport
fartherfromthespringarm~iortoapplicationandheattngof
solderatthere=iningjointofa givenwire.Inmostinstances
involvinga wirearray,a supporttowhichistobeattache~a
pluralityofwlrgmiseitheractuallyoreffectivelymorerigid
thaneaohofthosethatcarrya singlewire.Itistherefonbest
toattaohthewirestothesingle-w&esuppotispriortoattachment
tothemulti@e-wiresuppoti,forthroughsucha prooedurethefinal
wirestreseesaremoreeasilyestablishedathighvalues.

T= s inuse.-Severalt~icalmountsincurrentuseareshown
infigures7to9. A photographoftheworkingendofa horizontal
V-q thatwasuodinedwitha total-pressuretapisshownin
figure7. Uponsuitablecalibration,thetapw beusedtoin-
dicatea pressurelessthanstaticbyrotatingtheinstrumentthrough
180°abouttheaxis;thecalibrati~willbefollowediftheradial-
flowcomponentisnottoogreat.The~nsions
O.0038-centimeterwirearray;theentireworking
forthesmallerwires.

.
A parallel-wirearrayisshowninfigure8.

aretypicalofa
endissoeleddown

TheO.0020-centimeter
wires&e se-ted byabout0.013oentim&er(centertocenter)and
areinolinedatabout45°totk horizontalplane.A total-pressure
tapisincorporated.

A doubleparallel-earrayisshowninfigure9. Eaoh@r
issimilartothearrayoffigure8. Nopressuretaphasbeenpro-
vided;thecentralsupportcmuldhavebeendesignedtoservethis
purpose.

APPARATUS‘

TestTunnel

A conventionalwoodconverging~ivergingnozzlewasusedfor
theinvestigationandcalibrationofthearrays.Thecrossseotion
isreotangulsr,thewidthisconstantat7.62centimeters,W the
throatheightis10.16centimeters.

Instrumentbossesarelooatedalongthecenterlineofoneor
theotheroftheplanesidewallsatpositionssuchthatflowsat
eightfixedMachnunibersrangingfrom1 to2.4axeavailablewhen

.
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thetunnelis
Subsonicdata
ratios●

beingoperatedata
areobtainedatthe
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sufficientlyhighpressureratio.
throatatsubcriticalpressure

Dried, felt-filteredairissuppliedthrougha plenumohaaiber
havinganinsidediameterof91centimeters.Itisshowninrefer-
ence26thatlargechangesofrelativehumidityhavesmallbut
detectableeffectsonhot-wireheat-lossmtes. Itwouldhavebeen
impossibleto obtainsubstantiallyshock-freeflowatsupersonic
speedswithoutatleastpartialdesiccation.Aaco?ili@y,therel-
ativehumidity,asmeasuredatroomtemperatureandatmospheric ‘
Pssure,waskeptbelow5 peroent.

NoevidenceofshockformationatMachnumbersbelow2.2was
everobservedwhenthetotaltempera- exceeded35°C. Oblique
shockfozmationoccasionallybeoameevidentbeyondMachnumbersof
2.2.TheReynoldsnumberrangeforMachnumbersbeyond1.5was
restrictedbylimitedheaterca~city.

Bridge

Theoirouitofthebridgeemployedisgiveninfigure10. For
allfhotionsotherthanthedeterminationoftheratiooftwoarray
resistances(forexample,armsofa V),thecirouitisthatofa
I@lvinduublebridge.

Theswitcharrangementsaresuchthatleadandcontactresist-
antesareeithercompensatedbytheKelvinconnectionorarein
serieswiththehigh-resistancearmsofthebridge.Ineitherease,
noap~ciableerrorresults.

A 1.O-ohmfour-terminalresistorisusedastheftiedreference
arm.Thevariablearmsbonsistofcommercial&cadeunitsofhigh
stability.

Suitablemeansareurovidedwherebytheeffectivegalvanometers
sensitivity”maybealteredor
removedfrm thecirouitwhen
contactsaresoarrangedthat
cirouitonlyafterinitiation
disconnectedfromthecircuit
ofwirecurrent.

thegalva&eteraswell& thewire
noreadingisbeingtaken.Theswitch
thegalvanomterisconnectedtothe
ofourrentflowinthewireoris
priortointermptionoftheflow

.-

.
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Oneuseofthebridgeisthedeterminationoftheresistance
ofanunheatedarrayoranarrayheatedbythepassageofa fixed
Ourrent●

A seoo&useofthebridgeistheconventional’on&ofhot-wire
anemomet~;thatis,provisionofa sensitiveandamuratemeansof
determiningwhethertheresistanceofa heatedarrayagredswith
somefixedpedeteminedvalue.

Thethirduseofthebridgeisthatofdeterminationofthe
ratiooftheresistancesofmembersofanarray(forexample,the
armsofa V). Suoha determination~beanoriginaloneora
subsequentonere@red tomakeyossiblea deoisionastowhethera
ratiohasremainedfixedattheoriginalvalue(asduringrotation
ofa heatedV exposedtoa stream).

Bridgeoperationsaresubsequentlydiscussedintheseotion
~.

Unifonn+TemperatureBaths

Theeleotriocharacteristicsofthesupportsasfabricatedand
ofthemuunted.wireshavebeendeterminedbytheuseofioebaths
anda molten-saltuniform-temperatuebathbasedonNationalBureau -
ofStandardspraotices.

Thepurposeofeachbathistheprovisionofa reasonably
extensivezoneoverwhichthetemperatureisvirtuallyconstant
andinwhiohthetemperatureisaccurately?mown.Thesupportand
wireresistancesat0°C areobtainedbymeasuringthosequantities
whilethemountisfmmersedinthemelting-icebath.Thetemperature
coefficientofthew5reorofthesuppoz%sisthenobtainedbynoting
theresistanceofthewireorsupportswhilethemountisimmersed
inthesaltbathatanawropriatetempera-,usuallyabout300°C.
Ineach

(befo~
.anoeto

ease,a closelyZitt-@metallioprotectiontubeisused..

thecaseoftheresistanceofthesupports,itisconvenient
wiremounting)toattaoha shortingbarofnegligibleresist-
eaohpairof-supports;thepositi6nis

thewire(orpair)thatistoreplacethebar.
anoemeasurement,theknownresistance(atthe
ture)ofthesu~rts inserieswiththearray
thetotalresistance.

thesameasthatof
Inanarrayresist-
appro~iatetempera-
issubtractedfrom

.

.
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.
Thesalt-bathtemperatureisuniformtowithina deviation

undetectablebyuseofanexploringthermocoupleoverthecentral
60or70cubiccentimetersofthebath.A 650°C mercurythermometer
readableto+0.1°C isusedforroutinework;thethermometernmst
beoheckedf%omtimetotim againsta platinum-platinum-rhcxlium
themocou@e.

Thetempez&mreassuredbythewfreineitherbathdiffers
negligibly,aftera suitablewaitingperid,fromthebathtempe=-
ture.Thesalt-bathtempe=tumisroutinelydeterminedtobetter
than+0.25°C;theinternalconsistencyofthereadingsishigher.
Theover-allaccuracyisthe~foresufficientforthepresent
application.

heat
flow

I$R~

Mass-FldworHeat-LossMeasurement

Theexperimental~oceduresrequiredtomakemeasurementsof
lossesfroma wireunderknownflowconditionsandtomakenassv
determinationsinunknownflowregionsaresimilar.

‘l!otaltempendmreandpressureandexitpressureofthetest
tunnelareassumedtohavebeenadjustedtothedesiredvshes. In
gene-, thearraymustbeexposedtoa successionofmass-flowrates
ateachofa successionofMaohnumbers;thetotaltemperaturemay,
scootingtostipletheory,bepermittedtovarywidely,butin
practioemustusuallybeheldwithincertainnarrowlimits(whioh
wasthecaseinthepresentwork)iftheamountofcomputational
laborinvolvedinthereduotionofdataandpresentationinnon-
dimensionalformisnottobe-y large.

..

,.

Arrayresistances,tempemtumcoefficientsofresistmce,
dimensiom,andbehaviorwhenunheatedandexposedtoflowsat
variousMachnumbersmusthavebeenpreviouslydetermined.I&cm
thisinformationtheratioTe/Tthastobedeterminedasa funo-
tionofMaohntmiber.

Anarraymeanop=rati&tempemture(uptoabout500°C for
iritium-platinum)ischosenandtheresistancecalculated.The
bridgevariable~ settingsrequiredtoensurebridgebalance(at
thesumoftheresistancesoftheseleotedsrrayandsupports)a&e

‘ rode.

.
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Thearrayiserposed to thestreamatthedesiredimmersion
depthandorientation.Ourrentisthen~rmittedtOflowthrough
the_ and.them9gnitudeadjusteduntilbridgebalancehas13een
attainea.Themagnitudeofthecurrentisdetermined.

Becausetheflowconditionsareknown,theMaohnumberand
thereforetheeffectivetemperaturearelmown.Allquantities
re@red forthecalculationof TW#?rf0●3 intheidealizedrela-
tionequation(7)arethenlmown.Thepraoticdcalculationofthe
end-losscorrectionfactorreqma inthecaseofa realwirehaving
finiteratherthemzerothermalconductivityissubsequentlycon-
sideredinthesectionCALOUMTIOI?sANDCOI?RECTIOIVS.

Ina mass-flowdetemnination,theheat-lossdeterminationmust
bepreoededoraooompamiedbya flow-angledetermination(discussed
PviouslyintheseotionPossibleArrayConfigurationsandUses
andsubsequentlyintheseotionAngleData).Knowledgeoftheflow
yawanglepmnitsthearraytobeorientedwithrespecttothestream
apprmimatelyasitwasorientedwithrespeottothecalibration
flow. Successivemeasurementsofeffeotivetemperatureandofheat
lossata seleotedarraytemperaturearethenmadeasdismissed
elsewhere.

.

A pressurereadingismadeatthesametimeiftheinstnment
isequi~d withanappropriatetapandtube.

.

AlthuughtheNusseltnnnibercanbemlculatedatthispoint
(theneoessaryend-losscorrectionhavingbeentie),thecalcula-
tionofxtws-flowratecannot,ingeneral,becontinuedaccording
toequation(’7).Therequiredalgebraioproce- is~esentedin
theseotionAdaptationofgenetiizeficorrelationformss-flow-
detenninationapp.lioations. ,

AngleData

Theyawangleoftheflow(withrespeottosomearbit~
airedion)canbemeasurwi,asdiscussedingeneraltermsinthe
sectionPossibleArrayConfigurationsandUses,bya singlehor-
izontalv, orbya verticalxel pair.

Therequiredproced~inthecaseofthesingleWre or
horizontalV hasbeendescribedinsufficientdetail-.

.

.

Inthecaseoftheuseofeithera vertiodV, v’efiica
~el pair,orthearrayoffigure9 inthedeterminationof

—....—— ... . ..— _ . — —---- .-. —
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yawangle,the~ooednrehasbeenoutlinedin
Configurations.Anunbwmrtantdiffioullzvin

NACATM2117

.-
thesectiononarray
mmcticeisthatof

combi&g%hemass-fluw&d angledetermi&tio&.Thebridgearms
- setforthedesiredarrayoperatingtemperature.Theamay is
thenorientedsothattheprinci~directioncoinoideswiththe :
estimatedvertloalplaneoftheflow.Intheeaseofanarrayhaving
twoarms,thearmsam3placedinseries.Thearrayourrentis
adjusted%0thevaluerequiredtoImlanoe,approxi~tely,thebri@e.

Themmxitisthenrotatedwhiletheourrentremainsfixeduntil
thedirectionofchangeofbridgeoutputvoltage’reverses.Atthat
pointthesrmyplaneandthevetiioalplanecontainingtheflow
vectorooinoide.Ifa parallel-~irarrayis
ofthecurrentrequiredforbridgebalanceis
theeaseofa vertioalV (ofsinglewires),
sarybeoausetheNusseltnumberwillnotvary

TemperatureMeaeurement

beingused,a reoheck
oftenreq-d.
nosuohcheckis
rayi~ywith~W

4

Te&ra~ measurementshavebeenpreviouslyconsidered;

In
neoes-
angle.

it
.

hasbeenre-ked thateacharrayisusableasa &sistancether-
mom4er.Theprocedurein~otice isfirsttoalinethe”arraywith ..
theflow(inyaw).A ourrentrangingfrom3 tillismperesfortie
smallestwiresaqdluwestairflowsto15fiiamperesforthe
largestwiresandhighestairflom isthenpermittedtoPss

..

throughthewire.ThebridgeisWlanoedbyadjustmentofthe
variablearmsandthetotslresistanceofarrayandsums is
oeMulated.Afterthedeductionoftheresistanceofthesupports
(~ y imiepndentoftemperat-inthecaseofInoonel),the
arraytemperatureiscomputedbytheuseofequation(1).Finally,
theeffectivetemperatureisconvertedtostatic(ortotal).

Theprecedingdiscussionneglectstwo~ossiblesouroesof
error,namely,strain-gageeffectandtheconductionofheatto
orfromsupprtsimmersedinportionsofthestreamflowateffec-
tivetemperaturesdifferingframthemeanvaluecharacteristicof
theregioninthevicinityofthewire.Thecorrectionforstrain-
gageeffectisdiscussedlaterinthesectionStresscorrections.
Theseoond.souroeoferrorhasbeennegligiblesofar.Therequired
theorymaybeobtainedbya slight
treatmentpresented4ina~endixB;

modificationoftheend-loss
however,itisnotgivenherein.

.
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.

devaluationoffluidoonstants. -Throughoutthemkulations,
thepropertiesofairhavebeengenerallyevaluatedatthemeanfilm
temperatuzw,whichisdefinedasthearithmeticmeanofthe100al
effectivetemperatureandthe‘objecttempemture.A slightde~-
tureFromthestatedpzacticeooourredintheevaluationofair
propertiesinconnectionwithheattzmsferfromthesu~ortsto
thestream.Forreasonsofsimplicity,andwithnosignificant
loss‘ofacouraoy,itwasdecidedinthatinstanoetousethetotal
ratherthanthemeantemperature,aspreviouslydefined.

Theairthermaloonduotiyity,visoosity,qndPrandtlnumber
wereevaluatedatthef@ tempera- assodefined.

End.losses.-Theprincipalcorrectionregytredinconnection
withallwiredevloesistheeliminationoftheeffectsofend
lossescmtheabsolutevaluesoftheheat-transfercoefficients.

Thenecessarytheory,whiohessentiallyisa modification.of
earliert~aliments,isgiveninappendtiB. Theapproximations
made,asstatedinappendixB,donotadverselyinfluencetheexaot-# itudeofthetreatment.

Allheat-lossdatapresentedhereinwerecorrectedforendloss
whensuohcorrectionhada signifioanteffeetonthema@itudesof
thed@a re~orted.Thefollowingrelationdeterminedthecorrection:

() 1/2
Y .+r-t - “(l-t

(l-t) --(+) -t)+ B(*-)=O

(22)

Theseveralparametersaredefinedbythefollowingequationa:

(23)

...-
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(24)

mcc
2

B O.2389i2R~ (25)

1*= ‘bl’2%1’2% (Re’t,h,2)o”3(% -‘e)

when t has
lhzsseltnumberis
whichb’C~S

beenoelculatedhy”theuseofequation(22),the
calculatedaccordingtoa ratifiedequation(7),

0.2389i2~=fik@uf(~w-G=)(1+ ~) (26)

ThequantitiesB, ~~, (Rett,b,~o*3,., Y, aud t are
dimensionless.Theconversionfactor-0.2389caloriepersecond
perwattthata~ars inthepreviousequationsisyresentbecause
theprcducti2r hasthedimensionswatts~erunitlengthwhereas
thethermalconductivities~, ~, %, ~ ~ arenomally
assignedthedimensionscaloriesperunitlength~r second~r ‘C.
Thefactor1.54isa purenumber.Thecalculationof ~ .requires
computationof B, t, and Y.

Whena giveninstrur@ntisbeingcalibratedalltherequired
quantitiesareinnne&iatelyavailable.Inanexperimenidsituation;
however,neitherthetotaltemperaturenorthelocalmass-flowrate
isini’tiellylamwna- itisthereforetipossillehmediatelyto
determine~ and Re’t~,2.Themagnitudeof g isnotcritically
dependentuponB (whic~essentiallydeterminesthetemperatureat
theendsofthewire),however,andbecauseB variesonlyas
&/2 (Re’t,b,2)‘o”3itfo13mwsthattheuseofreasonableestimated
valuesofthesequantitieswillleadtoti~y thefinalvalueof
~ uponfirstcalculation.Inthisconnection,thequantities~
and We mayhei~tial.lyusedinplaceof ~ and ~, respec-
tively.H aesirea,~ and Re‘t~ z ~Y berec~c~ted~er”
thefirstapproximationofthelo~-$lowconditionshasbeen
obtained.

.

.
.

.
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Theover-allerrorinthecalculatedvalueof ~ inanygiven
caseisestimatedtobelessthan5 percent.Ontheotherhand,the
internalconsistencyofcalibrationdataandexperimentaldatawill
beofa higherorderthanthatfigureappearstoimply,inasmch
aserrorsin ~ areprimarilyofa systematicratherthanan
accidentalnature.

Inthepresentend-losstreatment,anassumptionismadethat
theratioofeffectivetototaltempemtureisthecameforbothwire
andsuyyorts.Otherwiseexpressed,suohanassumptionisequivalent
totheIgnorationofReynoldsnumbereffectsontheratioinques-
tion.Theexperimentaldataavailableareinsufficienttoforma
basisofdeterminationofthevalidityoftheassmnption.

Intheabsenceofa differenceofeffectivetemperaturebetween
wireandsupport,noendeffectsexistwhentemperaturesarebeing
measuredandnoend-losscorrectionneedbemade.

stresscorrections. -Despiteallprecautions,hot-wireinstru-
mentsarerathersusceptibletodamage.Nodataarepresentedherein
thatwereobtainedwithanywirewhichforanyreasonwhatever
exhibitedanirreversbilechangeofresistanceamountingtomore
thanabout0.1percentbetweenchecksofthatquantity.Temperature-
coefficientchangesasgreatas0.2to0.3percentoccurredbetween
checksandweretolerated.

Ashasbeenyointedout,reversibledeformationsofthewire
causechangesoftbtalheat-transferratesassociatedwiththecor-
respondingchangesoftheexposedsurfacearea.Suchohangesare
patentlynegligible.

Theaccompanyingresistancechange,tothecontrary,isnot
necessarilynegligible.

Inthecaseofthecurrentdatatherequiredcalculatedcorrec-
tionswouldhavebeenof-er magnl.tudethanthefigureofpreci-
sionofthemsasurements.Suohreversiblestrain-gageeffectswere
thereforeignored.

Calculationofthestresschnge(occasionedbyaerodynamic
loading)andoftheassociatedresistanceohangehasbeenbriefly
disoussedintheseotion.Aercdynamiostresseffeots.Useofthe
relationspresented(equations(I-1),(12),(13),(15),and(16))in
a fewtj-picalcasesledto AR/Rvaluessmallenoughtowarrant
ignoration;however,themagnitudesoftheerrorsinvolvedinsuoh
calculationsmustbeconsidered.-.

,
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Beoauseofthenatureoftheassumptionsmadeinthederivation

ofequation(12)(appendixC)andtheratherlargeuncertaintiesIn
thevaluesof ~ andof F inanygivencase,itisquesti~hle
thatthevalueof 02 isknowntoletterthan4i10peroent.

Thevalueof ~ isactuallyobtainedbymzlti~yingthe
ina~pressiblevalue(~ n infig.I-1)bythentio ofthec~-
pressiblecoefficientto)theincompressible(fig.I-1);thevalues
havebeentakm fromreferences27and28. Theprocedureisnot
rigorouslycorrectbutyieldsvaluesof CD probablyCO~Ct tO
betterthan&10peroent.Theunderlingassumptionisthatthe
variationsof ~ reportedformuxtousMachnuuiberswere,toa
firstapproximation,un3tiluenoed%ytherelativelysmallchanges
ofReynoldsnumberoccurringoverthespeedrangesinquestion.“

Thecalculatedvalueof 03 -ies sl~lY~~th~2 at1~
valuesof 02 (andhighvaluesof 01)W approx~telY~ U2
atthehighervakesof 02 (thatis,thoseconsiderablygreater
thanUl). Thegreatesterrorin 03 isthereforeabout10per-
c-entiftheuncertaintyin al iSiwored.

Thepossibleerrorinthedifference(03-al) isef~eater
importancethantheerrorin 03, inasmuchaq (03-C@ determines
theohangeofwirecharacteristics.Atourrentlyemployedvalues
of 01 (ab6ut20peroentoftheroom-temperatureyieldpointsof
thewirematerialsused),the~cefiaintYof (~ -al) ProbablY

2isusuallylessthanA2.1x 108dynecentimeter-(+3000lb/s in.)
atanyabsolutestressUTtoabout3.4x 109dynecentimeter-?
(50,000lb/sqin.).Wheneversubstantial(greaterthan0.0025cm)
differentialbendingofsupportsoanoccurduetounequalaerodynamic
loadingoruseofunmatohedsupportsofinsufficientrigidity,the
errorswillbegreater.

..

Substantiationofequations(n) and(12)shouldbeaooom@.ish-
ablebyexposinga wiretoflowscharacterizedbya rangeofRepolds
numbersatnearlyconstantMachnumberandtotaltem~rature.Ifthe
Reypoldsnumberrangeisnotgreatenaightoaffectconceivablythe
ratioofeffectivetotow tempemm} a~ a-nt v~iatio~of
effectivetemperaturecanbetentativelyascribedtoresistance
changescausedbyvariationoftensilestress.Recently,a fewdata
wereobtainedwitha sta=-mnt~ sitie-~~ c~bi~ti~ inan
‘attempttosubstantiatequantitativelythetheoryaswe~ aEthe
precedingconsiderationsconcerningtheover-tiTrecisionofoal-
oulationsofstresschanges.

.

..—
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Nosignificantchangeofresistanceofaniridium-platinum
wireoouldbedetectedwhiletheair-flowcharacteristicswere
variedinthemannerindicated.Thevalueof 01 wasalout
1.4x 109dynecentimeter-2(20,000lb/sqin.).Thenegative
resultwasinterpretedassigaif@gthateitherthetrueresist-
anceohangewasaspredictedhytheory(inthiscase,notquite
detectable)orwassmallerbysomeunknowndecrement.Suchtests
shouldberepeatedatluw CTlvaluesandhigh~~ ratioa.

Accordingly,
resistancechange
givenconditions.

thetheoryprobablysetsanupperbound.tothe
aswellastotheabsolutesteadystressunder

~AL RESULTSANDDISCUSSION

CalibrationandMass-FlowDetermination

Inthefoll.owingparagraphs,t~icaldataobtainedwitha
singlewirenormaltothestreamareconsideredalongwiththe
utilizationofsuchinformation.Thebehaviorofa morecomplex
arrayissimilarfora fixedorientationwithresTecttothestream
althoughthevaluesoftheMmensionlessconstantsoftheequations
will,ingeneral,bediffenntfromthoseapplyingtothesingle
Wixe.

CalibrationofSi@ e wirenomaltostream.-Resultsofa
seriesofheat-lossexperimentsmadewiththesame.0.0038-centimeter-
diameterwireovera peridofabout1 montham presentedin o
figure12. Theairtemperature-ied between23°and45°C. The
tiretemperaturewasfixedat290°C. A systematicchangeof
~uflfifO.3 fith~oh -e-r canbeobserved.

Datatakenatseveralwiretempera~sarepresentedin
fU?llre13● Thetotalairtemperaturesvariedletweenabout25°an.i
and

for

50°c. Theuncertainties-ofthethe- oonductivity ofati
ofviscosityarenotthoughttohesufficientlygreattoacc~nt
theincreaseof I?uf/PrfO”3.atdecreasingwiretempemtures.

Thedeviationsareina directionsuchthattheinferenceis
possiblethatthemeanwiretemperaturesactusllyarehigherthan
theassignedvalues.Forexample,ifallmeanwiretemperatures
aotusllywereabout3°C higherthantheassignedvalues,the
severalourveawouldcoincide.Nosourceofsuchlargeerrors
oouldbefound,however.

.———. -—— -. ._._. _ ..— ___ ..- ____ ——..————. -———.——. . . . .
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Correlationequations.-
\ figures12and13properly,a
equation(7)isrequired.In

Inordertocorrelate
morecomplexrelation
viewofthechangeof

NACATN2117

thedataof
thanthatof
Nuf/Prfo“3

withMachtier, itisnecessarytointroduceinthemannersub-
sequentlyindicateda whollyempiricalfunotiondesignatedfl
anddependentsole~upm Machnumber.Thevalueof fl is
arbitrarilytakentobe1 ataMachnmiberof1.

Thes~ad ofthedataoffigure13withwiretem~raturecan
beelbinatedbytheadoptionofa temperaturefunctionintheman-
nerindicatedinthesectionBasicInstrument.Intheabsenceof
variableair-temperaturedata,however,theexponentofanytempera-
tureratiosoemployedwouldhequitearbitrary.Whensuchdata
becomavailable,itshoulanotbedifficulttoexhibitheat-loss
dataoverwiiierangesofairtempmatmre,tiretemperature,Reynolds
number,andMachnuniberasa single-valuedfunctioninviewofthe
regularityofchangeofnondimensionalheat-lossratewithc_@nge
ofwiretempemture. Becausea &ifferenceoftempe=- (@w~e)
ofatleast150°C isrequirdifreasonablyreliableheat-lossdata
aretoheobtained,themaximumallowableeffectiveairtexnperatuzw
wZU beabout275°C;thisvalueisbaseaontheconservativemax-
imum’allowableopenatingwiretemperatureof500°C ~ theusuaJ-
ilifference(apprmimtely70°C)betweenew,~ and ev. Thetir
temperatureisunlimitedbyanyfactorotherthanwirebehaviorand
theexistenceof’suitablecalibrationfacilities;themountshave
beensuccessfullySubjecteatohigh-temperatureflows.Forthe
present,however,theairtemperatureisassunmitoremainwithin

o perhaps+50°C ofsomereferencevalueandthewiretempemtuxeis
assumitovarybynotmorethan+25percent(intermsofthevalue
onthecentigadescale).Undersuchconditions~ofiionofa .
temperaturefunctionisunnecessary.

A correlationofthedataoffigure12ofthetype

Nq ().c1+C2Re’fjw0.5fl
~fo.3

(27)

isaccordinglyindicatea,fortheseveralcurve~apparentlyoon-
vergetoa comonzero-flowinterceTtont~ ~/~fO”3 as”

. ..—.5 —.
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Actua12y,however,itisimpossibletodetermineeitherfrom
thedataoffi&re12orfromothersimilerdataobtainedatthis
laboratoqwhethersucha correlationoroneofthefollowingtype
representsa correctdescriptionofthedata:

(28)

Inviewofthefactthatitisunnecessaryaswellas@ossible
todistinguishbetweenthetwoTossiblecorrelationsbeoause: :he
smallnessoftheconstantCl 7incomparisonwith C2 (Re’f,W ●

forReynoldsnumbersgreaterthanabout30,equation(27)hasbeen
arbitrarilyadoptedasthedescriptionoftheseandsimilardata
becauseofitsrelativesimpl.ioity.

Accordingtoequation(28),fl oouldbedefinedastheratio
oftheI?usseltnuml)erata particularMachnumbertothatata Mach
nmberof1.0andthesameReynoldsnumber.Suoha definition
althoughnotrigorouslyap@icableintheeaseofequation(27~,
isconvenientasanapproximationtotheprecisedenotation.

Noattempthasbeenmadetoestablisha quantitativetheoretloal
basisfor fl. Qmlitativelyjitappearsreasonablethatt% funo-
tion,whateveritsnatureinthesubsonioregime,shouldexhibit
roughover41 symmetryabouta pointataMachnuniberof1.0ona
plotof fl againstMachnumber(fig.14).Thisobservationstems
fromtheconsiderationthatthefluidflowovera substantialTor-
tionofthesurfaoeofa - ata givensupersonicfree-stream
speedisroughlyequivalenttothatatsomesubsoniofree-stream
speedbecauseofthepresenceofa bowwaveatthesupersonicspeed.
Theoomespondencerequiresfurtherinvestigationbutis@ly con- .
firmedbytheoiroumstancethat fl hasnearlythesamevalueat
@rs ofMach@era connectedbythewell-knownnormalshockrela-
tion

.

.. . . . -—-— —..-—. —. -—. . . ..-— –.—-—. .._ —,____ .—. _ ... —- _ _ ——
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inwhichthesubscripts1 and 2 refertotheconditionsprior
andsubsequenttothesh&k,respectively.

Thefunctionfl aswellascertainotherfunctionstobedis-
cuseedisshowninfigure14. Althoughthevaluesplottedare
probablynearlycorrect,modificationfl possiblyberequired -
aaadditionaldataareobtained.Furthermore,acmeevidence(not
presentedherein)existsthatinticatesthattheshapeofthe
curveismaiifiedbyorientationofthewireatanacuteangleto
thestream.Qualitatively,suchaneffectshouldexistatsuper-
sonicspeedsbecauseoftheflow-fieldmodificationsaccompanying
theshookconfigurationassociatedwiththeforwardsupport(orsup-
ports,inthecaseofcertainmultiple-armarrays). Inanycase,
fl mat currentlybeexperimentallydeterminedforeacharray.

Ccnnparisonofthedataoffigures12and13withphlished.data
ona quantitativebasisisimpossiblebecausenosimilarinformation
hasbeenreleased.TheequationofthelineM = 0.375is

Nuf
7= 0.16+ 0.468Refoe5
‘f .

Theuseof ,

% 0:35+ 0.47Refo”52
Frf0.3=

(29)

(30)

isrecommendedinreference8 (equation(4a),p.222)intheReynolds
nuniberrangefromO.1to1000atlowMachnumbers.Becauseequa-
tion(30)representsthebestcurvethroughmanydatapointsobtained
byanwiberofinvestigators,itshouldbereliable.

Thevalue9.80forthevariableN~/Prfo*3atan Ref”*5value
of18isobtainedfromeqyation(30);equation(29)yields8.58+at
thesameRefo05value.Thedifferenceispartlyascribabletothe
factthatthedataoffigure12donotexkndtotheverylowMach.
nnmbersatwhichfl certainlyexceedsthevaluecorrespondingto
M= 0.375.

—— ---—-— .— ———— —. ——- —.— .— -
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Furthermore,noentirelysatisfactorymethdhasbeenemployed
atthislaboratoryforthemeasurementofwirediameter.Thediam-
eterusedinthecalculationsispossiblyinerrorbyseveralpercent.
Accordingly,itisfeltthattheagreementbetweenequations(29)
and(30)isfairlygood.

Adaptationofgeneralizedcorrelationformass-flow-detemination
applications.-Becauseintroductionofa functionofMachnumber
toeffectcorrelationofheat-lossdatao%tainedatdifferent
Machnunibershasbeenfoundnecessary,thequestionoftheutiliza-
tionofsuchdataarises.Itwi13nowbesh~ thattheconibination
ofanIndicatedpressure,aneffectivetempera~, anda heat-loss
,datumuniquelys@cifies”thelocaleteady-stateflowchsxacteristics.
Theflowdirectionisassuredtobeeitherkn-mrnordeterminable.

Thequantities .

and

.

aredefined.

Then,

Furthermore,

PiP*=W

Ref,w=Re*f,w~
P~e

isdefined.
.

(31)

(32)

(33)

(34)

.. —.—. -. .—— —— — — ——. — ———. -. —-— - - ..- ——— —.- -—- —--—.-—
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I&omequations(33)-10••(~),

, Ref,w= Re*f,wfz (35)

The_diate significanceisthatseparationhas%eeneffected ‘
of fz, thefactorsofwhicharedependentsolelyuyonMachnurher,
andof Re*f~, experimentallydeterminablewithoutreferenceto
theMachnun&er.

Combinationofequations(27)and(35),permissiblebecause
Re‘f,w= Ref,winthiscase,@eIds

Nuf
0.3 ()

= Cl+ C2 Re*f,w‘“5flf20*5
~Prf

=c~+cz( ‘)
0.5f

Re*f,w 3 (36)

inwhich

‘3= flfzo”s=?

Now f. isa functionof

‘1 3?s

.

.
.

0.5
(37)

1- A

Machnumberalone;itisexperimen-
tallydete&&edpriortoanymass-flow=awtint. - .

ACCOfitiY,theMach-er d~ss-flow ~~ ~Y beobt~ned“
bythefollm&~”proce&&e:

(a)Tu experimentaldataand
tocalculate~ aml Re*f,w.

(b) Equation(36)isusedfor

(c)Theexperimentalrelation
sentedbyequation(37),isusedto

equations(26)and(32)areused

thecalculationof f3.

letweenf3 and M, rePlW-
detemineM.

.. .

——.._
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(d)Equation
obtainedvalueof

(34)andthevalueof f2
M areusedtocaloulate

corresponding
pv●

55

tothe

Limitationof Re* method.-Themethodisclearlyapplicable
regahilessofthe valueoftheexponentof Ref,w.,

Inpractioe,theprocedurewillyielda well+iefinedvalueof
.f3 onlywhentheindicatedpressurepi exceedsthestaticp~
by,atmost,about20percentofthevelocityhead.Infigure14,
value~of f5 areplottedforthreecases.Thecaseinwhichthe
knownpressureisthestaticpressureisthatforwhichp~/~= 1.0. ,
A secondcurveIsgiventhatcorrespondstotheuseofa pressure
taphavingtheconstantrecoverycoeffioientofO.5sothat

l% 1
E= ()%1+0.5 —-1

Ps

(38)

Thetotalpressureupstreamofanyshockconfigurationhasbeenused
herebeoausethenatureofthedeviceisunspecifiedd calculation
ofthetotal-pressurelossacrossanyshockisthereforeimpossible.
Thethirdcurvecorres~ondstotheuseofa @otheticaltotal-
pressuretubethatindioatestruetotalpressureunderallcondi-
tions. ThecorrectionsatMachnumbersbelow1.4,foranyreal
total-pessuretube,wouldbeW.

It”ispatentthattheprescribedprocedurewillfailcompletely
inthetldrdcase;itwiXlbeunsatisfactoryinthesecond.The
physioalreasonforthesituationappearstobethat,witha pre-
ssurewhichisitselfnearlyinvariantwithMachnuriber$~it~r the
changeofNusseltnumberwithMaohnumbernorthechangeofeffective
temperaturewithMaohnumberissufficientlygreattodefinethe
pointontheMmh num~erscaleatwhichtheheatlossisoccurring.
otherwisestated,theprinoipal-detemnerof~ch n~er ~st hea
pressurethatvariessubstantiallywithMachnuniber,thatis,a pres-
sureapproachingthetruestaticpressure.Consideredfromthepoint
ofviewofReynoldsnunibervariations~

*e*f,w

mustbestronglydependentuponMachnumber.

u
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Becausetotal-pressuretapshavealreadybeenaddedtotwotypes
ofmount,statio-pressuretagsmaybeeddedaswell..Theoutlined
procedureisoneofverygeneralusefulness,asitisnecessaryonly
thattheidicatedpressureroughlyapproxirmte.thestaticpressure.

YawChsxacteristicsofAngle-SensitiveArrays

v-array● -Figure15presentstheyawcharacteristicsofa
V-tirehavinga 90°apexangle.Galvanometersdeflectionhasbeen
enteredasa funotionofangleofdeviationfromthepointofzero
deflection.Thesedatawereobtainedfora euooessionof M values,
thetotalpressureandwireandairtotaltemperaturesremaiting
fixedthroughout.Itisapparenkthat:(1)Theplotsarestraight
linesthatwouldallpassthroughthecommonoriginhadtheynot
been,except’forthelowestone,displacedupwazdtoexhibittheir
chmaoteristicsmorecle~l.y;(z)thelineshaveroughlyequal
slopes,indicatingconstantsensitivityovertheflowmnge in
question;and(3)thecha.raoteristicsathighsupersonicspeeds.
srethes= asatlowspeeds.

Theover-allaccuracyofa determinationofangleshouldbe
consideredtobeabout+0.5°.Thisvaluewouldbesmallerfora
V-wirehaving,forexarqle,anapsxangleof45°.

ThelinearityofresponsehasbeenPredictedinthesectionon
theV-mountforthesubsoniccase.Notheoryisavailableforthe
su~rsoniccaae,butevidentlythesamerelationholds,thatis,the
bridgeout@ currentorvoltageislinearlydependentuponthe
angleV atsmallangles.

RareJ2.el-wim2array.-Figure16showstheyawcharacteristics
ofa typicalprdlel-wiremount;inthiscasethearrayconsisted
oftwoO.0025-centimeterAiameterwires0.25centimterlongsep-
aratedbyabout0.013centimeterandorientedatabout45°tothe
stream.

Foryawapplications,a bridgeoutputmeterhavinga small
period,forexam@e,lesst- O.1sec~l isvev desi~blebut
wasunavailable;thesensitivityrequirementsarehigh..Thegal-
vancmeterusedhada peri~of3 seconds;thepointofilefl.ection-
mmementreversalwasaccofiin@ylesscertainthantheinherent
tolemmceofthearrayandthereisthereforesomescatterinthe
aatapoints●

beo-ide=d
Theover-allacouracyofanangledeterminationshould
asabout+0.5°.

..
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Thedeflectionsarepresented.asa functionofangleofdevia-
fromdirectionofmaxbmmdeflectionforseveraldifferent
numbers.Again,thecharacteristicsareessentiallyindependent

.ofM, althoughthereisa slightincreaseofsensitivitytith
increaseof M. Supersonicresultsareunavailable,butnoreason
existstomzpposethatthearraybehaviorwouldbedifferentin
thatregion.

Theaccumcywithwhichflowanglesoanbedeterminedisindi-
catedinfigure17. Inthefirstcase,theMachnumherwasheldat
0.457andthemas8-flowratevariedovera tiderange.Inthesecond
case,theMachnumberwasvariedfroma lowvaluethroughthetran-
sonicrangeandthesectionpresaumheldconstant.Thedensity
variedslightly,ofcourse,asthestatictemperaturevariedwith
M. Theshiftoftheangularzeropositionwassmallineachcase.
Therearereasonsbasedonexperimentforbelievingthatthetest-
tunnelair-flowdirectionvariesslightlyanditmustbeconsidered
thattheerrorsaretotalvalues,thatis,wire@us tunnel.

TemperatureRecoveryRatio

Infi~ 18,the currentknowledgeof Tt/TeYTefit,~
Ta/Teia~esentedforair(Pran&tlnumber% 0.74and Y = 1.4)
inthecaseofnormalexposureofa circularcylinder.

TheGermandata(referencel-5)wereobtainedatsamewhathigher
Reynoldsnmnhersand,althoughofinterest,arenotstrictlycom-
parabletothoseobtainedatthislaboratory.Othersubsonicdata
(reference14)areinsubstantialagreementwiththesubsonicpor-
tionsofthecurvesoffigure18.

Infigure19,prel~narydatapertainingtothequestionof
variationoftheratioTe/Ttwiththeangleletweena supersonic
streemandthenormaltothewirearepresented.Sucheffectsare
significantandinviewofthesurprisinglackofsymmetryofthe
resultsaboutthe0°pointendeffects(expo- topost-shockcone
flow)arepronounced.

Theseresultsindicatethatwhenanerrayofwiresnotallof
whicharenomsltothestreamisused,thearraytemperatureratio
TefitaS~~ aSthe~at-10ssc~ctefisticsIUUStbedete~ned”

—.—— — .——. —.. . --—,_____ _. ._. . .. ____
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colmLusIms
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Aninvestigationwasmadeofthedesignrequirementsandheat-
transfercharacteristicsofwireinstrumentstobeusedashot-wire
anemometersandresistance-wirethermometersattransonioandsuper-
sonicspeeds.Thefollowingoonclusiomweredrawnfra theresults:

●

1. Fine-wireinstrumentsofproperdesignmayheusedto
obtain~curateairtemperature,mass-flowrate,andflow-angledata
overatleastthetotaltempemturemnge from0°to275°C,atMach
nmnbemrangingfrm O toatleast2.4,andatairtotal Rensities
atleastasgreatasWoe atmos@eric.Thestabilityofsuch
devioesmy bema@esufficientforengineeri~use.

2. Heat-transferdatafora ciroularcylinderoveratleast
theMaohnumberrangefrcmO to2.4maybecorrelatedbyadditionto
theconventionalrelation~ongNusselt,Yrandtl,~a Reynoldsnum-
bersofa factorthatisa functionofMachnumberonly.

3. Thermometricandpwer-in@ datao%tainedwithsuoh
instrumentstogethertitha pressuredatumhavingasanuppm
limita pressureexceedingstatiopressurebyabout20psroentof
thevelocityheaduniquelys~cifya locelflowsituationregard-
lessofthelackofotherinformationooncemngMachnmiber.

. .

kWiS Flight~rO@SiOIlLaboratory,
NationalMvisoryCommitteeforAeronautics,

Cleveland,Ohio,January12,1950.

. .

. .
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APPENDIXA

SYMBOIS

59

and

A

‘b,2

, a

B

SymbolsusedonlyinappndixeeB andC aredefinedwhereused
- notlisted.

cro6f3-~ectionalarea,c$

%

%,n

C1,C2,...

c??
D

%,1

%,2

E

F

f~

cross-sectionalareaofwiresupportatpointofwire
attachment,on?

speedofsound,cmsee-l

0.2389i2~~
nondimen-

1.54kbl/2~1/2~Re’t,%,20*3(~w-f3e)’

sional(1.54isa purenumber)

dragcoefficientforciroularcylindernormaltostream

dragmsffioientforcircularcylindernormaltostresm
under,inoom@essible-flowconditions

oonstantsdefinedintext

specificheatofairatconstantpressure,
Cal--1 Oc-1

diameter,cm

diameterofwiresuppotiatbase,on

diameterofwiresupportatpointofwireattach-
ment,cm

Young’smodulusofelasticity,dynecm-2

flexibilityofw%?esupportorpairofsupports,
deflectionpertit force,cmdyne-l

ratioofNusseltnumberatgivenMachnumbertothat
atMachnumberofunityatfixedReynoldsnmiber
(definitionapproximate;defined@mntitativelyby
equation(27))

.

—.-—---—. .—.—— -z . . . . . . . . . _ ___ ._
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.

mUJ
2

f2

.

[01T -1/2n
flf2n= fl M ~ & inwhichn isusually0.5

pi T
fZJ

A

perunit area,gramcm-zi3ec-1G

Gr

H

mass-flowrate

Grashofxmniber

heat-transfercoefficlent,calcm-2see-l‘C-l

%=

i

k

wirecurrent,amperes

calcm-l-sec’1‘C’1(refersto
e, f, or t used)

thermalUonauotivity,
airwhensubscri@

L

%

length,cm

maximumallowable(projectionof)wirelengthindirec-
tionofflow(seeteti),cm

M

Nu

Machmniber

HD/kW3seltnumber

0.2389i2r ideally,ur 0.2389i2~
k- ifend

Xkf(a--oe)(1+ C)

lossesoccur

0.2389i2~
*Q (%”ee)

.
. .

.

/
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Pr

P

R

Re

‘ef,w =

Re*f,w =

‘e‘t,ll,2

Re’f,L

‘g
r

Pratitl nuder.

fluia(air)PreSSUZW,~ cm-2

Tressureindicatedbymea~ng device,inherent
errorofwhich(takingeithertruetotalortrue
staticasa reference)isfunctionofMachnuder
Only,@e cm-2

wtreresistance,ohms

Reynoldsnumber

~ (whdnprimed,replaceV by V’)

P*ae~

M

Reynoldsnnniberoffluwbaseduponsupporttipdiam-
eteratpointofw-heattachment,uponmass-flow
=te perunitareacomponentnormltosupporttip
atsamepoint,andupontotaltemperature

Reynoldsnumberofflowbaseduponwirelength~,
tiponmass-flowmte perunitareacomponentnomal
towire,anduponmeanfilmtemperature

gasconstantforair,erggram-1%-1

wireresistanceperunitlen@h,ohmsem-l

r

%?

%-1 r ~J wherex = &stancealongwire
Jo

strain-resistance

changeperunit

factorofwirematerial,resistance

%ARresistanceperunitstrain— —
Rx

. ——-— --.. —-— ——... -. . .
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T

t

u

v

a

e

ew,ll

ew, c

ew,=

P* =

absolutetempera~j ‘% .

NACATM2117

..

i?w-ee
Fw+a-l

general,fbotion (U$>8 isdefinedbyequation(8)
ofthetext) .,

fluidValooity,m See-l

temperatureooeffioientofresistanceofwirematerial,
.Oc-l

ratioofspecificheats

auglebetweentwowiresofarray,radians

ratioofheatlost%yconductiontosuypotistothat
10stawdlytOfluiast~~

temperature,‘C

temperatureatintersectionof

temperatureatcenterofwire,

wireandsupport,‘C
Oc

temperaturevirtuallyi$enticelwith f3w,~ (see
a~psmiixB),‘C

viscoeity,yoise

density,-

W em-3

cm-3

.

.

.
.

..’

.,

.,

-. .
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m.

SubscriptsI

b

a

D

e

f
.

i

L

m

n

P

stress,dyneem-2

wirestressprior

63

toaerodynamicloading,dyneem-2

aerdynamioallyinducedwirestm”ss,dyneem-2

wirestressauringaerodynamiclc@ing,dyneOre-z

~ allowableoperatingwirestress(seetext),
dyneem-2

anglebetweenflowvectorandnormiltotireinplane
ofwireandvector,radians .

.
angleinplanenozzwiltomountaxisbetweenprojec-
tionofflowvectoronthatplaneandeithervertex
anglebiseatorofV-arrayorprojection,onsame
@ane,ofwireneitherorthogonalnorparallelto
mountaxis,

anglebetween
=iS,pitch

wiresupport

center

radians

flowvectorandplanenormaltomount
angle,radians

.

effeotive-withrefersnoetotemperatureattainedby
unheatedbodyinfluidstream

meanfil.mvalue,basedonaritljmetiomeanofobject
‘ andeffectiwtemperatures.

indicated

wirelength

maximumallowable value “

incompressible-flowrenditions

pressure

-—— - ——-- —,-—-——--—— .———— -- —-- ———. — —- . . . . .
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s

t

w’

o

a

Superscript:
.n

(

n

*

NhCATN2117’

static

total

evaluatedat0°C

pertainingtoideal
,

conditionofnoendloss

generalexponent
.

basedonflow

notcorreoted

oomponentnormltoobjeot

forendloss

reference

TheWr (_) denotesmean

state(asdefineaintext)

vslue.
.
.

.

.

. .

..

—.- ._ ..- .—. —- —
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APPENDIXB

ENDLOSSESOFKIZ@S

Thesteady-statecaseofa one-dimensionalheatflowiselemen-
taryandhasbeengivenbynumerouswritersfordifferentsituations.
Thechiefpurposeofthetreatmenthereinisthereorganizationof
thematerialwiththeah ofexpressingthelossina mannerthat
willfacilitateestimatesandfl expeditethemakingofprecise
computations.Theresultsareexpressedina generalizedformand
thefinitenessofthethermloonductanoeofthesupportiscon-
sidered.Initiadly,thetreatmentisthatofreference12.

Thedifferentialequation(Ill)connectingthedirectlossto
theairstream,theconductionfromthevolumeelementinquestion,
andthejouleanheatdevelo~dloudlyis

~2gw
0.2389i2ro(1+ @w) = (e~r~e)~kfNuf-~ ~ ~ (Bl)

inwhich
x isthe

This

and

ro istheresistancein
distancealohgthewire.

equationmaybewritten

L&3.

ohs percentimeterat0°C and

inwhich

YckfNuf-C).2389i2roa
P=

%?&

YIqIWqee+ 0.2389i2ro
PI=

%?%

(B2)

(B3)

(B4)

——.— . — —— -.--..—— .. .-. —.- .—— —— —— .—— -%-. .-—-—- ----- .-— .. —-
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ing

1=

NACATN2117

Theveriationof k N% d- the* iSi~O~a; theretit-
errorisnegligible.

Byutilizingthe%undaryconditionsdf3w/dx= O atwirecenter
tddngtheoriginthere(sothat @ = ~ at x . t, defiti~
~/2),thesolutionisfmindtobe “

ew=ev,m-(ew,m-ev,b)cosh91/2X
oosh$1/22

inwhich

.

e $1”w,==—=B + q - 0.2389i2roa

(B5)

practicalaswellastheoreticalInterestItisofconsider&ble
thd ew.=isequal.totheequilibriumtemperaturethewirewould
assumeiftherewerenoendlosses.l?urthermo=,theclifference
%etweenthetemperatureatthecenterofevena shortwireandthe
qtiitY ew,aiSS&.

Thus

eW,OJ -ew,c= ‘~
* ‘at‘=0) (B6)

Inpraoticalsituations,j31/2z isseldmlessthan6& is
usually~ater; hence,cosh$~/22> 200.ItwtllYeshownthat’
ew,~s eeandthereforef3w,@a~ f3w,~ differbyatmost2°C.
Thedifferenceisusuallynegligible.(Thatfaotwouldbeofgreat
importanceinthecaseofa fine+drethermocouplestretchedbetween
twosupports● Thepresenttreatmentwuuldnotherigorouslycorrect
insucha situationbecauseofthedifferencebetweenthethermal
conductivitiesofthetwomaterials.butthebasicobservation
wouldstill %evalid.Intheease&f
course,ee and ew,aarevirtually

a fins-w&ethermocouple,
thesameheoausejoulean

of

.

.

.-

. .

-— .—z.



.

.

-.

.

MACATN2117

heatingmaybeneglected.
immersionoftheEupports
‘e.)

Themeantemperature

67

Thesourceofconductionerroristhe
inregionshavingtemperaturesotherthan

isnowobtainedasfollows:

Al 1

5..* 1LI (%,cn-ew~) coshFl/2x=— e (ix-
2Z w,= 1/2~ &z

cosh~
-z -2

tanh~/2 1

-J

(B7)

validforvaluesof
~ 6, tanhfi~121 ~ 1, Thisapproximationis
p/2 2 assmallas3.5;therefore,

(B8)

justgiven(refer-Simmonsand
ence12),showed

Beavan,whopresentd_thetheory
thatR = RO (1+ a 8W), inwhichR.~ ~ ro;

theidentityfollowsdirectlyfromtheobservationthattheresistance
perunitlengthisa linearfunctionoftemperature.

Upontakingthederivativeoftheexpressionfor f3w,therate
ofheatlosstoeachsupportisfoundtobe

Therefore,thefollcwlngequationoanbewritten:

(39)

— -——.. —=..—._. ——.——._. .. ——- ______ ___ .—— ... ——____
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Thequantity

NACATN2117

isdefined.Itis
portstothatlost

Theratio~

theratioofheatlostbyconductiontothesup-
directly%0theairstream.

mayelsolewritten
.

(m)

makingonlythepreviousapproxinwtionthattanhj31/22 = 1.OOO.

Itisnotablethatthe~rameter@/2 Z hasthefol.lting
physioalsignificmce:Itisgivenbythe_mtioofthedifference
~m~o~:g~ LO thedifference(6w,@-ew);thereforeitisa

ofthede-e ofdepartureofthewiretempera-
turefromtheid

Y
conditionofudformity.Utierthepreceding

oirotuns-ce@ 2 Z =m. Sucha situationvirtuallyexistswhen-
evertheratio~~ or Nuf isvew lw3e orw~n % is~v
small.

Itisa sim@emattertotransfomntheearlierexpressionfor
P insuoha wayastoobtain

Itthenbecomespossibletoconibineequations(Bll).and(B12)to
obtain

1/2 ‘
c=c3[(l-t)-til (B13)

.

OYal

“

.

,.

--

.. .. .——
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inwhich

69

.

.

(B14)

Byexpandingthebracketinequation(B13),thefollowingequa-
tionisobtained:

~=c3(l-
[

t)m 1 ~ tt

1
mm-”””

0

(Ills)

F C whereitappearsinthe’right-handexyession
by C3 (1

BYre~~ ,
therelation

[ 1t=c3(l-t)l/21- Cst -O**
=

(B16)

isdeduoe~.

Inequation(27),thepresenceofthefactorfl complicates
therelationbetweenNusseltandReynolds@era. Forthepresent
purpose,however,fl isconsideredfixedata value suchthat
C2flPrf0-3 hasthevalue.O.475,whichisa representativemean
valuefortheMaohmmiberrangeinvestigated.

Underthatcircumstanceandwith Cl permittedtovatish,

Nuf-~~2= ()0.475-1/2 Rel -1/4f,u (B17)

UponreplacingNuf-1/2 inequation(B14)bytheseoondappra-
imateequivdtent,equation(10)isobtained.

- . . . . —.-— —--—- —-—-—— ---—— —-- —-— --—---—— - - ———— -—.—— — .--— --——-—
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Equation(26)followsdirectlyfromtheprecedingsolutionof
thedifferentialequationfortheheatflowtoandfroma givenpor-
tionofthew5reandfrcmthedefinitionof !. Equation(22)
remainstobeobtained;theinitialstepconsistsofa statement
ofthefollowingrelation:

ew,b= r ew, a+‘e
r+l

inwhioh

Thequantity1.02isa purennniber.

‘(B18)

(B19) ,

Equation(B18)isderivedbysolvingthedifferentialequation
ofheatflowforthesupportandtakingthenetheat-flowrateat
thesupporttiyaszero;thesolutionissimilartothatforthe
wirealoneandwillnotbegiven.Theassumptionofa uniformsup-.
portdiameterequaltothatatthepointoftireattachmentleads
tonegligibleerrorbecausemostofthetemperaturedropirithesup-
yortoccurswithina smalldistanceofthatpoint.

Thefollmtingquantitiesaredefined:

Nu”fE 0.2389i2~
?tkf(~~-ee)

0%%2(3W-ee)-l‘%%

(B20)

(B21)

(B22)

..

-..
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I

,,

Byuseofthese
relationspreviously
tosubsistamongthe

(B23)

definitions,equations(14)and.(15),andother
establish@,thefollowingrelationsarefound
severalquantities:

Nu”f=N~ (l+t) (B25)

~ =nl?uf”l-o(e,,,o-e~,b) , (B26)

Tw= ew,m- (ew,=-ew,~) (B27)c

o =mIWfl/2~-t (1+~)11’2

ew,b=boevo+ee
bo+l

Ikmmequations(B26)and(B29),itisfoundthat

Therelation

qJ(bo+ 1)-1=:*

(B28)

(B29)

(B30)

(B31)

.

---- ..— —. ._ _____ ——.—..——— .. —- .-.—— —.. _ .—— .—. . .-. .——-——
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t
isthenobtainedfromequations(B27)and(B29).

or

when

fg=

Combiningequaticms(B30)@ (B31)yields.

~= nNuf-l(ew,a-9W)02

nNuf-l(5W-~e)c2
t= C(bc+l)-1

equations(B27),(B29),and(B32)areused.

Ifequations(B28)and(B33)areused.,

(B32)

(B33)

1 -t (1+ !) ‘ ,

[

-1
1 [ 1

1/2
bm?Nunf (1+ c) @ (l+~)-!t -1-t + mNu”f

.

.

..

(B34)

notingthatnm2(3W- f3e)= 1.

BydefiningB s 11~/2bm2Nu”f.and Ys rd?uf itisfounathat
B and Y aretheexpressionsgiveninequatio~(25)and(23),
respectively,andthat equation(B34)becomesequation(22).

\

.-

-.

_——.— ...— — —-. . -—.-.
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Wm3ESTRESSm slIePoRrDEFLECTION

Aerdynamiustress

73

If w istheuniformtransverseloadperunitlengthapplied
toa hingedthinbeamassumedtobebentintoa circulararcofwhich
thesagittaz (portionoftiiusnormaltoohordinterceptedby
chordandarc) issmallcomparedtiththearclengthL, thefol-
lowingrelationsubsistsamongtotaltensileforceT ,amithose
variables:

Foranaer@namioally

Therefore,

T WL2=—
82

loadedwire

T=CDPV2V2
162

()If 03 ~= ~ isthestressinthewire,then

(cl)

(C2) -

(C3)

(C4)

Thisrelationappearstohavefirstbeenmentionedinrefer-
enoe3,exceptthata faotorof2 isomittedinthedenominatorof
theexpression,.

Thequantityz mustbee~ssed
iablesandofthelmownohsracteristics
Suppotis.

interms oftheothervar-
ofthewirematerialand

.__—. —.—. . . . — -. —.. —-- .— - —.-—- —-— — ——— -—— .————
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Let u bethe=diusofthebeamarc;A, theanglesubtended
atthecenterofthecirclebythesemiarc;and L~, thedistance
betweenthewiresupports.

Then

-&=uA
2 (C5)

Now,

21/2
()
zl/2(1+*+...)= ii

.

.

..

(C6)
,.

Thelastrelationfollowsfromthefactthat

=[?$’’2-+)1’2.-%($’’2-”●]+
+)3’2-$(%)’’7s)+..]

\
. . .
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T.herefcm3, ,,,,
)

()L = 2UAz 2312(uz)l/21 +&

Ontheotherhand,

().2..g.$1’2
b

!rherefore,

L-‘s=23’2“’)”2(*‘4
()$/2 ~~lz ‘

=—-
3U

toa firstapproximation.

now,

.(iiqy?$...)

75

(C7)

(C8)

(Clo)

— .. . . . . . .-. ——— —.—. — ... _ ——.—— —.. —
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3Xthefirsttezmoftheright-handmemberof
inequation(C9),theseoondequationbecomes

tion

8 ~2
L- L~=-—3 L~

NACATN2117

equation(C1O)isused
,

.(Cll)

Theoriginal wirelength(aftermpunting,butyiar toimposi-
afdm9gload)isdesi~ted~.

Thedecreaseh distancebetweenthesu~ortsisgivenby

((m)

inwhiohF inthis&se isthecambinedflexibilityaf’thetwosup-
portsand LS,2 isthedistancebetween~b supportsduringaero-
-iu. l~m” .

Thechangetiwirelengthisgivenby

Therefore,

‘=++%9

(c13)

(C14)

#

..

.
.

— .—— ——--—— -—
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Whenequation(Cll)isused,

77

By?xmallingequatim(C4)enddroppingthe
and L~, therelation

NowM thequsntity

(an“exact”formof

023=~32

distiukionbetweenL

~ (03- 01)2 (C16)

equation(12))isdefined,

(C17)

(C18)

M arbitrzxryunits,if

03-3

.

.—— — ____ —-—. .— —. —-. .— ______
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then
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.

.

‘( )q++ -1- 3.3.x10-4

4

()therefore03 ~+ ~
“v

‘1C<1 andthesecondtermofequation(C18)

mqybetakenaszero.

Thefinalresultis

033-032-01-023=0 (11)
.

.

Thepcedingtreatmentneghotsvariable-temperatureeffects.
Theseeffectsareusuallyofsecond-ordermagnitude;however,inthe
caseofhigh-tempemturework(air),theeffectM a changeofthe
modulusd thew3&esupportandaPthethermalexpansion@ the
mountmaybesubstantialandmustbeconsidered.b theprece~.
expressionfor 02, because~ ~>> L, theeffectd a change
ofthemodulusaPthewirematerialisnearlyalwaysnegligible.

Thereseemsto
thedeflectionofa
load.

Theassumption

DeflectionofWireSupport

benoexpressiontistructuresliteraturefor
conicalcantileverbeamundera concentrated

thattheconicalwiresupportisrigidlyheld.
atoneendisa goodoneastheamountofmovementatthebaseis
verysmllinanycase.Itisobsemedinpnmticethatthecement
usesdoesnot de%lopcracksintheaxea
ofthesupportinthecourseofordinary
fairlybrittlesubstance.

~ediatelyaroundthebase
usageeventhoughitisa

‘,

.

. .

———
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Inthefollowingrelationa,M istheconventionalmomentof
beamtheoryand I the(beam)momentofinertiaofthecrosssec-
ti(m.Thedeflectionoccursalongthey-cooMinate,takenpositive
intheupmrddirectionfora horizontalbeam.TheloadW is
assumedtoactinthedownward~ction ata disknceL fromthe
petitofSupprt. Thehorizontalcoordinated anycrossseution
asmeasuredframthepointofsupporttakenastheoriginis x.

A%theorigin,thediameteris Do; itis D1 attheloa&ing
point●

Then,
.

()D=DO 1-$ +Dl$

UJplwriting

anduponrecallingthat

it fOllowsthat

.

Do-%.=b
LDO -

M=- W(L -X)

(C19)

(C20)

Y“=
&=- 64W(L-X)
d

(C21)
lmo~Eb (1- X5)-’

.

—.-. ..-. ——. -—- ————... .- .-————— — ..-. -—— ——
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N.ACATN2117 .

.

[

—

Y“ =k2 —-—
(1-2)4 (1-:)4—

64Wk2s —
ltDo4lb

(C22]

Uponintegrationandimpositionoftheconditionthat yt= O
atx=O, equation(C22)becomes

~

Jl= -1 1- L
k2 + ‘2:2m)

252(1-X5)2+ 352(1-X5)336 (1-m)a

@on a secondintegrationand@ositionof
y= Oatx=O,

L=. 1 + 1 -J.5:X+Q
k2 253(l-m) 653(1-25)2mz =

thecondition

(C23)

that

(C24)
.

I@cmreoal13ng
finallyobtainedis

2 k2L3
y..

6(1-L5)

thedefinitionsof k2 and

(C25)

8, theequation

.

.

.—-— —
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(C26)

whichisequivalenttoequa’bion(13)H itisreoalledthatequ-
tion(13)a@.iesintheeasecdthedefl.eotional?a pairofsup-
ports.
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